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1. Introduction.
1.1 Stimuli-responsive materials.
Recently there has been a growing interest in the development of smart and 
intelligent materials, specifically polymeric ones. These are capable of detecting 
and monitoring external stimuli,  be they of chemical,  mechanical  or thermal 
nature.  Attention has been dedicated to the study of polymeric systems with 
stimuli-responsive  functions,  with  the  goal  of  developing  these  smart  and 
intelligent  systems1–5.  These  materials  can  respond  to  an  external  stimulus 
(thermal, mechanical, electrical, chemical, etc...), via a macroscopic output that 
is a transduction of the stimulus' energy.
Chromogenic  (literally  "color-generating")  materials  are  such  thanks  to  the 
introduction  of  a  stimulus-sensitive  chemical  species.  Stimuli  are  generally 
mechanical,  thermal or chemical,  in the form of mechanical  deformations or 
tears,  changes  in  temperature,  or  alterations  of  the  chemical  environment, 
respectively. Systems responding to these sollecitations are accordingly called 
mechanochromic  and  thermochromic;  there  are  many  types  of  possible 
chemical  stimuli,  though  examples  include  solvatochromic  (solvent-
sensitive)6 and protochromic (pH-sensitive)7 dyes. Response to the stimulus (or 
stimuli)  stems from a  change  of  either  the  chemical  nature  of  the  chemical 
species, or a variation of its supramolecular architecture. An example of changes 
of chemical nature are spiropyran derivatives, covalently incorporated into the 
polymer backbone: when sufficient mechanical stress is applied, the molecule's 
internal  bonds  change,  producing  a  change  in  its  absorption  features,  i.e. 
color.8 On the other hand, supramolecular architecture generally refers to the 
presence of dye-dye interactions (aggregated, interacting form) or absence of 
these  (disaggregated,  non-interacting  form).  Dyes  that  change  their  optical 
features  according  to  their  supramolecular  state  are  generally  referred  to  as 
aggregachromic  dyes;  these  can  be  used  in  many  types  of  chromogenic 
materials, including mechanochromic and thermochromic ones.9
Chromogenic  materials  can  give  an  output  in  the  form of  a  change  of  their 
optical  features  (i.e.  absorption,  emission,  refractive  index).10,11 Potential 
applications  include  smart  packaging,  sensors  and  displays.  Generally  one 
designs and prepares these materials by choosing an opportune polymer matrix, 
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and dispersing or incorporating a chemical species capable of responding to the 
stimulus. The response typically consists either of an alteration of the species' 
chemical structure, or of a variation of its supramolecular state (aggregated or 
disaggregated).1,2,12,13
Chromogenic materials can be prepared in a variety of ways; depending on the 
manner in which the sensing component (dye) is  introduced in the polymer 
matrix,  there  are  two  main  approaches  -  covalent  incorporation,  or 
dispersion.14 The latter avoids issues such as migration stability, by rendering 
the dye an integral component of the polymer backbone, though production on 
an industrial scale is hindered by the necessary synthetic steps;15,16 the latter 
makes  for  an  easier  introduction  of  the  sensing  dye,  and  is  currently  more 
feasible  for  large  scale  production,  though  issues  such  as  stability  of 
supramolecular states might need to be addressed.17,14 Dispersion is being used 
in  a  growing  number  of  papers  in  literature,  and  generally  relies  either  on 
solvent casting, or more often, on melt processing.12,17–19
Chromogenicity in aggregachromic systems is induced by a change in the dye's 
supramolecular state, i.e. aggregated or disaggregated. Aggregation consists of 
short-range, non covalent interactions, and can consist of hydrogen bonds or 
aromatic  π-π orbital  interactions.20–23 Disaggregated  molecules,  and  non 
interacting  ones  in  general,  are  such  if  they  are  sufficiently  distant,  or  if  
interactions are impeded between them.17,14,24
Many chromogenic materials  exhibit their properties in the UV-vis spectrum 
(200-380 nm);25 absorption and emission features provide useful information. 
Absorption spectra are generally studied for absorption maxima, both in terms 
of  relative  intensity,  and  more  importantly  for  their   position.  Aggregated 
molecules and disaggregated ones can have distinct spectral features, and it is 
possible to differentiate between specific types of supramolecular architecture. 
Indeed, the exciton theory24 is often used in  interpreting absorption spectra of 
such compounds,26–29 allowing one to determine a molecule's supramolecular 
state,  and  in  some  cases  the  type  of  interaction:  depending  on  the  type  of 
intermolecular interaction present,  one can observe red or blue  shifts  of  the 
spectral features (bathochromic and hypsochromic shifts, respectively).30,31
While absorption spectra (and thus UV-Vis spectroscopy) are frequently used in 
determining  a  dye's  supramolecular  state,  emission  spectra  (fluorescence 
6
spectroscopy) remain quite useful. Although not always applicable, many dyes 
present in literature display sufficiently different emission profiles, depending 
on whether they are in an aggregated or disaggregated state. Examples include 
stilbene  derivatives,12 OPV  derivatives28 and  thiophene-based  π-conjugated 
systems.16 In other cases however, this is not possible: an example are perylene 
tetracarboxylic diimide (PTCDI) derivatives, which display overlapping features 
both in the interacting and non interacting form, as observed in previous work 
by Donati et al.17 In this specific work, this difficulty was overcome by observing 
any variations in emission intensity  (attributable  to a decrease in quenching 
phenomena32), and studying relative peak intensity of spectral features. Indeed, 
while both aggregated and disaggregated forms contribute to the same emission 
peaks, an increase in the disaggregated form leads to a majoritary contribution 
to only one of the peaks.
Many  seminal  works,  along  with  much  literature  concerning  chromogenic 
systems, have been prepared using polyolefin matrices.2,4,14,16,19,32–34 This can be 
justified by the quality of the chromogenic response, the ease of manufacturing 
such  systems,  and  more  imporantly  by  the  affordable  cost  of  an  eventual 
production on an industrial scale.14 Recently however, attention has also been 
focused on less traditional matrices and instead on more innovative or complex 
systems.  Examples  include  biodegradable,  PLA/PBS-based  systems12 and 
polyurethane matrices.35
Examples of smart materials, specifically polyurethane (PU) based ones, include 
PUs  with  temperature-sensitive  water  vapor  permeability,  offering  potential 
applications  in  smart  textiles;36 secondary dispersions  of  cationic  segmented 
PUs  with  thermoresponsivity  (upper  critical  solution temperature  (UCST)  in 
water)  and  antibacterial  properties;37 and  PUs  that  covalently  incorporate 
spiropyran mechanophores, conferring mechanochromicity to these polymeric 
systems.15
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1.2 Polyurethanes.
Polyurethanes  (PUs),  defined  as  polymers  containing  urethane  groups  [-O-
(C=O)-NH-],  were  first  prepared  in  the  late  1930s  by  O.  Bayer  at  I.  G. 
Farbenindustrie by reacting diisocyanates with glycols; their properties made 
them interesting for use as plastics and fibers. Further research showed that 
PUs  offered  promising  applications  as  adhesives,  rigid  foams  and  surface 
coatings.
Isocyanates  can  be  aromatic  or  aliphatic,  while  diols  can  be  either  simple 
glycols, polyethers or polyesters. Currently, PUs are classifiable in the following 
major  types:  flexible  foams,  rigid  foams,  elastomers,  fibres  and  moulding 
compositions,  suface  coatings,  and  adhesives.38–40 The  chief  areas  of 
applications are: appliances; automotive; building and construction; coatings, 
adhesives, sealants and elastomers; furniture and bedding. Other applications 
include electronics, flooring and packaging.41
PU-based surface coatings are a very important type of coating thanks to their 
versatility  and the broad range of products commercially available;  they also 
potentially  constitute  a  solution  to  the  issue  of  eliminating  volatile  organic 
compounds  (VOCs),  given  that  some  coatings  can  be  prepared  by  applying 
liquid monomers and allowing for the mixture to polymerize and set.40 Sealants 
and adhesives also represent important sectors for polyurethanes (Figure 1.1, 
1.2).
Figure 1.1. World consumption in 2005 of raw materials for adhesives and sealants
by chemical class (volume), total: approx. 5 million tons (dry).
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Figure 1.2. World consumption in 2005 of raw materials
by product type (value); total: Euro 14.4 billions).
Note: for "Powder coating resins", the value is 9%.
As can be seen in the figures, polyurethanes do not represent the most used 
material  for  adhesives  and  sealants;  however,  they  compensate  for  this  by 
constituting a signicant percentage of sold products, coming in second only after 
alkyd resins/oil-free polyesters.42
PUs come in many shapes and sizes, and are limited only to the components 
that can be synthesized and combined. The only defining characteristic that is 
common to all PUs is the urethane moiety, -O-(C=O)-NH-. Generally, PUs are 
prepared by reacting a diisocyanate (OCN-R-NCO) with a diol (HO-R-OH), and 
eventually a chain extender. Additionally, a tertiary amine or an organometallic 
compound can be used as a catalyst38,39. The exact mechanism is still unknown, 
though  some  reaction  mechanisms  have  been  proposed  depending  on  the 
presence and type of catalyst used.43,44 It is known however that the isocyanate 
moiety reacts with active hydrogens:38,45 this makes isocyanates quite reactive, 
undergoing  a  series  of  side  reactions  and  even  self-condenstion 
reactions38,40 (Figure 1.3).
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Figure 1.3. Common isocyanate reactions.
From a chemical standpoint, there is a very large selection of isocyanate and 
diol monomers;  this  allows for great versatility when it  comes to choosing a 
polyurethane  matrix  that  is  adequate  for  an  application.  Given  the  many 
applications PUs have found over the years, it seems sensible to explore their 
use in preparing smart or intelligent systems. 
The  polyurethanes  prepared  in  this  work  are  based  on  two  well-known 
monomers:  1,6-hexamethylenediisocyanate  (HDI)  and  polyethylene  glycol, 
average  molecular  weight  1500  (PEG-1500).  HDI  was  chosen  mainly  for  its 
reputation as a non-toxic component in polyurethanes46 and for its low cost, 
traits that makes it attractive for cheap and sustainable green applications. HDI 
is aliphatic, offering greater color stability than its aromatic counterparts39; this 
is  a  useful  factor  to  consider  when  preparing  composites  containing  dyes. 
Additionally,  a  traditional  polyether-based  polyurethane  was  prepared  with 
PEG-200, as a possible matrix in which to disperse the dye-loaded ionomeric 
polymers.
Polyurethanes  prepared  from  HDI  and  PEG-1500  have  been  extensively 
studied.  Many  works  in  literature  have  dealt  with  and  studied  this  system, 
finding applications in thermal storage, temperature-sensitive nano-assemblies, 
gas separation systems, and swellable biosensors47–50.
As  for  variants  of  the  PEG-1500 and HDI polyurethane system,  it  has  been 
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found that the inclusion of PEGs of opportune molecular weight in HDI-based 
PUs increases biodegradation rates to some degree51, and the use of the cyclic 
trimer  of  HDI  has  been  even  studied  in  the  preparation  of  dye-sensitized 
organic solar cells52.
Furthermore, the polyurethanes synthesised for this thesis were for the most 
part water-dispersible, sometimes even water-soluble; hydrophilicity has been 
observed  for  polyurethanes  using  polyethers  of  a  relatively  high  molecular 
weight53. This property makes them interesting for applications which require 
acqueous  polyurethane  (APU)  systems,  which  make  up  a  rapidly  growing 
branch of research54.  Furthermore, polyurethane matrices have recently been 
explored  as  a  medium  in  which  to  disperse  aggregation-sensitive  dyes,  by 
covalent  bonding  though35.  This  work  instead  aims  to  obtain  chromogenic 
materials by non-covalent dispersion.
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1.3 DABCO(OH)2.
DABCO(OH)2, an ionomer derived from DABCO, was synthesised as a part of 
the POLOPTEL project, as described in the Goal of this thesis.
The ionomer was included in this work in an effort to determine if its presence 
in a polyurethane system could confer desirable properties. To the best of our 
knowledge, this specific compound has not been utilized in any previous work.
A similar compound had however been previously synthesised55, with different 
counterions (bromide and iodide, instead of chloride). Moreover, at least one 
patent has been filed for a series of compounds similar to DABCO(OH)256, and 
quaternized  ammonium  salts  do  have  applications  in  the  production  of 
polyurethane foams57,58.
What  sets  DABCO(OH)2  apart  from  these  previous  compounds  is  that 
quaternization of triethylenediamine is only an intermediate step to obtaining a 
free base derivative of DABCO, and quaternized salts are generally not cyclic, 
nor are they normally incorporated in the polyurethane during polymerization.
As stated above, the ionomer is a di-N,N'-quaternized derivative of DABCO, and 
thus has two positive charges. This modification confers a hydrophilic nature to 
the compound - to the point that it is hygroscopic - and makes it interesting for 
applications  such  as  water  dispersable  polyurethanes,  which  have  been 
prepared  employing  quaternized  ammonia  groups40.  Polyurethanes 
incorporating ionomeric groups are often used to prepare aqueous dispersions, 
a  useful  trait  for  the  preparation  of  "solventless"  polyurethane  coatings39. 
Quaternized  ammonia  salts  (QAS),  such  as  DABCO(OH)2,  often  possess 
antibacterial qualities59,60, making them interesting for biomedical applications.
A class of compounds containing two quaternary ammonia groups are cationic 
gemini quaternary surfactants, consisting of two hydrophobic side chains and 
two polar headgroups covalently attached through a spacer group. These novel 
surfactants  can  be  taylor-made  to  have  different  aggregation  properties  by 
modifying  the  spacer  group61.  Gemini  molecules,  when  incorporated  in 
polyrethanes, offer numerous advantages over traditional surfactants, such as 
high  surface  activity,  better  solubilization,  low critical  micelle  concentration, 
multifarious  aggregate  structures,  and  unusual  viscosity  behavior;  these 
characteristics can potentially endow polyurethanes with unique micellization 
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properties62.  Although  the  polyurethanes  synthesized  in  this  work  were  not 
studied for micellization properties, it  would be interesting to study eventual 
novel surfactant properties that a quaternary ammonium dication could confer 
to such systems.
13
1.4 PzPer.
In  chromogenic  systems,  functional  dyes  have  been  introduced  via  covalent 
bonding8,15,  or non covalent bonding63,64;  the latter offers a more sustainable 
route in  material development, since it allows for the use of different kinds of 
dyes already available on the market14.
Perylene  dyes  are  an  example  of  functional  dyes  that  can  be  dispersed  in 
polymeric  system.  They  represent  an  important  class  of  functionalised 
chromophores, thanks to the  combination of properties such as electro-optical 
and redox characteristics,  along with thermal and migration stability20,65,66,21. 
The fact that perylene and its derivatives are made up of five planar rings fused 
together,  is  responsible  for  promoting  aggregation  through  stacking 
interactions26.  Perylene dyes have been used as fluorescence standards, thin-
film transistors, light emitting diodes, photovoltaics and liquid crystals20,67–72. 
Perylene  dimimide  molecules  have  been  synthesized  and studied  by  various 
research groups; potential applications include antitumor drugs, fluorescence 
tags  of  biological  systems,  and  elements  in  the  self-assembly  of  photoactive 
films65,73,74.
PzPer belongs to the family of perylene tetracarboxilic  acid diimide (PTCDI) 
dyes. The bisanhydride perylene tetracarboxylic acid is sufficiently reactive that 
it  can be  functionalized;  this  can be  exploited  for  enhancing  opto-electronic 
properties, or for modifying the perylene derivative's solubility in a dispersing 
medium26,75,76,30.
Since there was the possibility of generating multichromophoric supramolecular 
architectures even in semicrystalline polymer systems, previous work by Donati, 
Pucci et al. focused on PzPer's aggregation properties in various environments, 
including vinyl alcohol-containing polymers. These systems were prepared by 
non covalent dispersion of the dye17.
When placed in PVA and EVAl matrices with different hydrophobic contents, 
PzPer was shown to experience an increase in the extent of aggregation when 
polarity and proticity of the environment were increased. Other parameters that 
were studied were temperature (in water and PVA), and the presence of a polar 
yet aprotic solvent (acetone) in aqueous solutions. For studies on PVA matrices, 
an increase in temperature corresponded to an increase in absorption features 
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similar to those of PzPer in the monomeric form; specifically, for PVA-based 
systems, the disaggregation process occurred at greater rates when heated above 
their  Tg  (about  80°C).77 For  studies  on  PzPer  in  water,  an  increase  in 
temperature showed a decrease of the 530 nm band in absorption spectra; this 
band is attributed to pi-pi stacking interactions, and a decrease can be ascribed 
to a partial disruption of H-aggregates. Similarly, emission spectra showed a 
progressive  recovery  of  fluorescence  as  temperature  was  increased.  When 
progressive  amounts  of  acetone  were  added  to  aqueous  solutions  of  PzPer, 
absorption features changed noticeably, assuming the profile of non-interacting 
perylene chromophores.32 Emission spectra showed a very strong recovery in 
fluorescence,  confirming the  reduction  of  aggregation extent.  Acetone,  as  an 
aprotic co-solvent, probably reduces the number of hydrogen bonds between 
PzPer molecules, and in doing so limits aggregation phenomena. 
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1.5 Summary.
A series of  polyurethanes are synthesized from traditional  components,  HDI 
and PEG-1500. A novel ionomer, DABCO(OH)2, is included in reaction feeds, 
yielding  ionomeric  polyurethanes.  PzPer,  a  water-dispersible  and 
aggregachromic dye, is dispersed at low to very low loadings (0.50 to 0.01% wt). 
Additionally, a second polyurethane matrix is prepared with HDI and PEG-200. 
Polymers synthesized are characterized by 1H-NMR, solubility tests, GPC, FTIR, 
DSC, and TGA. Samples with dye dispersed are studied by exposure to solvents, 
and by fluorescence spectroscopy.
Two variations are made to the PEG-1500 based systems. The first one involves 
introducing  1,  4-dihydroxyethyl-1,  4-diazabicyclo  [2.2.2]  octane  dichloride 
(DABCO(OH)2, Figure 1.4), a novel diquaternized cationomer (or ionomer) of 
1, 4-diazabicyclo [2.2.2] octane (DABCO or thriethylenediamine). 
Figure 1.4. DABCO(OH)2.
The  second  variation  consists  in  dispersing  a  water-soluble,  aggregation-
sensitive fluorescent dye, N, N' - bis (2 - ( 1 - piperazino) ethyl) - 3, 4, 9, 10 - 
perylenetetracarboxylic acid diimide dichloride (PzPer, Figure 1.5). This dye is 
dispersed in very low to low loadings (0.01 - 0.50% wt) in polyurethanes with 
and without the ionomer.
Figure 1.5. PzPer.
All poluyrethanes are characterized with a series of techniques typically used for 
studying polymers: proton nuclear magnetic resonance (1H-NMR) spectroscopy, 
solubility  tests,  gel  permeation  chromatography  (GPC),  Fourier  transform 
infrared  (FTIR)  spectroscopy,  differential  scanning  calorimetry  (DSC),  and 
thermogravimetric analysis (TGA). Another DABCO(OH)2-based polyurethane, 
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PU_100, is studied with some of these techniques (FTIR, TGA) for comparison. 
Systems containing the fluorescent dye are studied by measuring solvent vapor 
absorption (humidity), and by fluorescence spectroscopy.
This work wishes to further study the environmental effects on PzPer previously 
observed by Donati  et  al.  in  vinyl  alcohol-containing  polymeric  systems1,  by 
using a chemically different polar environment, i.e. a polyether-based urethane, 
which in addition incorporates an ionomer. It would be interesting to study any 
interactions between the charged ionomer and PzPer's two quaternized groups, 
such as compatibilization effects.
Characterization  results  show  that  polymers  synthesized  are  typical 
polyurethanes, while the amount of ionomer incorporated does not exceed 1.5% 
mol  of  total  composition.  Studies  on  chromogenicity  indicate  increase  in 
emission intensity and simultaneous increase in aggregation; correlation with 
results  in  literature  suggests  strong  chromophore  aggregates,  attributable  to 
polar environment.
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1.6 Goal.
This work was performed under the POLOPTEL project, titled  "New Polymer 
Systems with Electric and Optical Functionalities via Nano and Micro Adhesive 
Dispersion  to  Produce  Materials  and  Devices  for  Smart  Applications 
(POLOPTEL)".  Its  mission  is  "the  preparation,  design,  characterisation,  
processing  and  performance  evaluation  of  polymer  based  [sic] smart 
materials" (quoted from the project's submission form, part B). The project is 
financed by Fondazione Pisa, Via Pietro Toselli, 29, 56125 Pisa.
In this work, a novel ionomeric polyurethane matrix is prepared by covalently 
incorporating a charged monomer. A charged aggregation-sensitive dye is then 
dispersed in this matrix; the system is studied for compatibilization effects and 
chromogenicity,  by studying its  optoelectronic  properties  and by studying its 
response to solvent vapor exposure, respectively.
The ionomeric polyurethanes prepared in this work incorporate positive charges 
in the polymer backbone. Given the presence of positive charges on PzPer, it is 
possible  that  same-charge  repulsive  effects  could  occur  in  proximity  to 
DABCO(OH)2.  Thus  it  would  be  interesting  to  study  any  compatibilizing  or 
aggregation-encouraging effects. 
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2. Results and Discussion
Four polyurethanes were prepared for this work: 1500_PU_00, 05 and 20, and 
200_PU_00;  all  polymer  yields  were  moderate  (70  to  85%).  Two  of  these, 
1500_PU_05 and 1500_PU_20, included the novel dicationomer DABCO(OH)2 
in their reaction feeds.
Films  of  the  1500_PU  series  were  prepared  by  solvent  casting,  with 
water/acetone  solutions  of  PzPer.  200_PU_00  had  been  synthesized  as  a 
matrix  in  which  to  disperse  the  1500_PU-dye  systems:  the  hope  was  to 
overcome the ionomeric polymers' fragility, but it too proved to have insufficient 
mechanical properties. Furthermore, solubility tests (see section) showed that it 
was not soluble in water or acetone, and instead dissolved in chloroform and 
other  solvents;  the  lack  of  a  common  solvent  prevented  further  use  of 
200_PU_00 in film preparations.
After terminating polymerization, the mixture consisted of a liquid component 
and a swollen, solid component that was insoluble in all organic solvents. This 
was the case for all  polymers, except 1500_PU_00, which was soluble in all 
solvents tested save diethyl ether.
To  ensure  that  polymerization  had  occurred,  an  infrared  spectrum  of  each 
polymer was acquired and compared with the monomers' spectra; the reaction 
was considered complete when the isocyanate peak at 2260 cm -1 disappeared1. 
This  was done when possible,  since often during polymerization the mixture 
became very tough and hard to remove from the reaction vessel.  Thus,  only 
1500_PU_00 and 1500_PU_05 were subjected to this test.
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2.1 Polyurethanes: characterization.
The polyurethanes synthesised for this work were characterized with the goal of 
determining  their  chemical  and  thermal  properties.  A  total  of  four 
polyurethanes  were  made:  200_PU_00,  1500_PU_00,  1500_PU_05  and 
1500_PU_20 (Figure 2.1).
Figure 2.1. Polyurethanes prepared.
As stated previously, these polymers were synthesized starting from diols and a 
diisocyanate. It is a well-known fact that isocyanates are very reactive, and will 
form many different products depending on the chemical species present: they 
will  essentially  react  with  an  active  hydrogen site2.  Figure 2.2 outlines  the 
main reactions8.
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Figure 2.2. Summary of main reactions that isocyanates undergo.
One reaction that competes with polyurethane formation is that of R-NCO with 
water, giving urea bonds (left side of Figure 2.2). This happens when water is 
present  in  the  reaction medium,  and is  the  main reason that  polyurethanes 
described in this work were prepared without using solvents, a potential source 
of  additional  vapor.  Indeed,  the  only  solvent  capable  of  dissolving  all  three 
monomers was DMSO (see solubility tests), which is hygroscopic and therefore 
requires  drying3,4.  Furthermore,  the  diols  themselves were  hygroscopic,5 and 
although they were vacuum dried for 24h, trace amounts of water resulted still 
present. Thus, when studying these polymers, one must keep an eye out for the 
urea moiety.
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2.2 1H-NMR spectroscopy.
The chemical  shift  values  for  the  polyurethanes  synthesized  are  assigned  as 
described  in  Figure  2.3 and  Figure  2.4 for  spectra  acquired  in  D2O  and 
DMSO, respectively. These values are corroborated by previous works involving 
polyurethanes  prepared  from HDI  and  PEG6,7;  assigning  chemicals  shifts  to 
DABCO(OH)2 was done by referring to previous works done in this laboratory. 
Chemical shifts for 200_PU_00, acquired in CDCl3 (Figure 2.5), differed little 
from those acquired in the other deuterated solvents. For spectra acquired in 
DMSO-d6,  urethane protons are visible at ~7 ppm; on the contrary urethane 
protons  were  not  observed  in  deuterium  oxide  and  deuterated  chloroform 
spectra.
Figure 2.3. 1H-NMR spectrum of  1500_PU_20 in D2O (25°C, solvent peak omitted),
with assignment of chemical shifts.
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Figure 2.4. 1H-NMR spectrum of  1500_PU_20 in DMSO-d6 (25°C, solvent peak omitted),
with assignment of chemical shifts.
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Figure 2.5. 1H-NMR spectrum of  200_PU_00 in CDCl3 (25°C, solvent peak omitted),
with assignment of chemical shifts.
It can be noted that the peak at about 3.5 - 3.7 ppm, belonging to the bulk CH2s 
of PEG-200 and PEG-1500, has a small shoulder on the left side of the peak; 
this  was  included  in  integrating  the  main  peak,  and  not  treated  separately. 
Furthermore,  although  this  peak's  maximum  is  at  about  3.55  ppm,  a  wide 
interval (3.7 - 3.5) was considered, so as to include the shoulder.
DABCO(OH)2's NMR spectra in D2O and DMSO-d6 (Figure 2.6 and  Figure 
2.7, respectively) differ mainly in the presence of a peak at 5.6 ppm (terminal 
-OH) in  the  DMSO-d6 spectrum. This  peak is  not  visible  in  D2O due to  the 
proton-deuterium  exchange  that  inevitably  occurs  between  hydroxy 
functionalities and deuterium oxide8,9.
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Figure 2.6. 1H-NMR spectrum of  DABCO(OH)2 in D2O (25°C, solvent peak omitted),
with assignment of chemical shifts.
Figure 2.7. 1H-NMR spectrum of  DABCO(OH)2 in DMSO-d6 (25°C, solvent peak omitted),
with assignment of chemical shifts.
Aside  from  this  difference,  both  spectra  are  in  good agreement  in  terms of 
integrated peak area ratios: c:b:a 3:1:1 in the case of D2O, c:b:a:d 12:4:4:1 in the 
case of DMSO-d6; if terminal hydroxy groups were ignored, DMSO-d6 spectra 
would yield the same ratio as found in D2O. A more detailed analysis of NMR 
peaks  is  found  in  the  next  section,  1H-NMR  spectroscopy:  calculation  of 
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polyurethane composition.
The  spectra  of  200_PU_00  (Figure  2.8),  DABCO(OH)2 (Figure  2.9), 
1500_PU_00 (Figure 2.10),  1500_PU_05 (Figure 2.11)  and 1500_PU_20 
(Figure 2.12) were analysed for peak area integration. Peak areas were then 
multiplied by 100 for ease of calculation.
Figure 2.8. 1H-NMR spectrum of 200_PU_00 in CDCl3, with integrated peak areas.
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Figure 2.9. 1H-NMR spectrum of DABCO(OH)2 in D2O (above) and DMSO-d6 (below),
with integrated peak areas.
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Figure 2.10. 1H-NMR spectrum of 1500_PU_00 in D2O (above) and DMSO-d6 (below),
with integrated peak areas.
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Figure 2.11. 1H-NMR spectrum of 1500_PU_05 in D2O (above) and DMSO-d6 (below),
with integrated peak areas.
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Figure 2.12. 1H-NMR spectrum of 1500_PU_20 in D2O (above) and DMSO-d6 (below),
with integrated peak areas.
Integrated peak areas  are summed up in Table 2.1.
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PEAK INTEGRATION AREAS
Peak 
assignment
letter1 letter2 letter3 ... For letter-structure correspondence,  
see previous figures.
Compound
Deut. solvent
area×100
ppm
... ... ...
DABCO(OH)2
Assigmnents d c b a d:c:b:a ratio
DABCO(OH)2
D2O
58.43
4.03 ppm
20.11
3.99 ppm
19.17
3.65 ppm
(absent):3:1:1
DABCO(OH)2
D2O
4.87
5.75 ppm
56.96
4.02 ppm
18.77
3.84 ppm
18.94
3.64 ppm
1:12:4:4
Polyurethanes 200_PU_00 and 1500_PU series
"A-peak"
4.1-3.9 ppm
"B-peak"
3.5-3.4 ppm
Assigmnents m * g+i, j, k h, l e+f a+d b+c
200_PU_00
CDCl3
3.61
4.11 ppm
12.18
3.56 ppm
3.90
3.06 ppm
3.74
1.39 ppm
3.67
1.24 ppm
1500_PU_00
D2O
1.90
4.07 ppm
90.01
3.57 ppm
2.06
2.98 ppm
2.20
1.36 ppm
2.29
1.20 ppm
1500_PU_00
DMSO-d6
0.95
7.11 ppm
2.21
3.98 ppm
88.90
3.46 ppm
2.32
2.90 ppm
2.35
1.32 ppm
2.41
1.18 ppm
1500_PU_05
D2O
2.11
4.06 ppm
89.44
3.57 ppm
2.51
2.98 ppm
2.56
1.36 ppm
2.64
1.20 ppm
1500_PU_05
DMSO-d6
1.05
7.11 ppm
2.43
3.98 ppm
87.97
3.46 ppm
2.52
2.90 ppm
2.52
1.32 ppm
2.59
1.20 ppm
1500_PU_20
D2O
2.10
4.07 ppm
90.30
3.57 ppm
2.91
2.98 ppm
1.17
1.36 ppm
3.12
1.20 ppm
1500_PU_20
DMSO-d6
0.99
7.11 ppm
0.29
5.65 ppm
2.34
3.98 ppm
85.59
3.46 ppm
3.01
2.98 ppm
3.13
1.32 ppm
3.38
1.18 ppm
*terminal -OH
Table 2.1. Integrated peak areas (×100) and respective chemical shift
of DABCO(OH)2 and each polymer. Peak assignments included.
DMSO-d6 chemical  shifts  (grey  entries)  were  consistently  lower  in  value; 
corresponding spectra were also of better quality, as urethane protons and even 
terminal -OH groups (in the case of 1500_PU_20) even terminal OH groups 
were  visible.  The  proton-deuterium  exchange  taking  place  in  D2O  solutions 
probably contributed to the absence of these peaks in D2O spectra.
Peaks corresponding to letters m, e+f, a+d and b+c are assigned to isocyanate 
methylenes (or amines), while peaks corresponding to g+i, j, k, h and l belong 
to both ionomer and macrodiol methylenes. As described above, a calculation of 
effective diol composition requires a series of preliminary calculations on peak 
areas, given the lack of peaks assignable exclusively to ionomer or macrodiol. To 
this end and for convenience, two peaks were labeled "A-peak" and "B-peak". 
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"A-peak" (4.1 - 3.9 ppm) corresponds to the terminal PEG methylenes linked to 
the urethane moiety, in the sample without DABCO(OH)2. In samples with the 
ionomer this remains true, although there are eight additional methylenes of 
DABCOder  to  consider.  "B-peak"  (3.5  -  3.7  ppm)  corresponds  to  the  bulk 
methylenes in the pure sample; for samples with DABCO(OH)2, it includes the 
external  CH2s  of  the  ionomer.  Calculations  are  described  in  the  following 
section.
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2.3 1H-NMR spectroscopy: calculation of polyurethane composition.
Thanks to data found in literature6,7 and from this laboratory, chemical shifts 
were  uniquely  assigned  to  methylenes  in  polyurethanes  without  ionomeric 
content  (i.e.  200_PU_00  and  1500_PU_00);  performing  subsequent 
calculations10–13 was  not  as  intuitive.  Table  2.2 lists  the  composition  of 
200_PU_00. All calculations were based on methylenes, or two protons.
CDCl3:
200_PU_00
ppm/compound 4.11 3.56 3.06 1.39 1.24
PEG-1500 2i 7i
HDI 2i 2i 2i
total 2i 7i 2i 2i 2i
Where i is the number of repeating units.
Table 2.2. Number of methylenes calculated from CDCl3 spectrum of 200_PU_00.
On  the  other  hand,  calculating  compositions  for  polymers  containing  the 
ionomer  was  not  as  straightforward.  Indeed,  PEG-1500  and  DABCO(OH)2's 
peaks both fall in nearly identical regions; HDI's peaks, though unequivocal, are 
present in both the ionomeric and macrodiol segments (Table 2.3, Table 2.4).
D2O:
DABCO(OH)2, 1500_PU_00, 05, 20
ppm/compound 4.1 - 3.9 3.7 - 3.5 3.0 - 2.9 1.4 - 1.3 1.2
DABCO(OH)2 6n + 2n 2n
PEG-1500 2m 95m
HDI 2n + 2m 2n + 2m 2n + 2m
total 8n + 2m 2n + 95m 2n + 2m 2n + 2m 2n + 2m
Where n and m are segments containing DABCO(OH)2 and PEG-1500, respectively.
Table 2.3. Number of methylenes calculated from spectra in D2O.
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DMSO-d6:
DABCO(OH)2, 1500_PU_00, 05, 20
ppm/compound 7.11 4.1 - 3.9 3.7 - 3.5 3.0 - 2.9 1.4 - 1.3 1.2
DABCO(OH)2 6n + 2n 2n
PEG-1500 2m 81m
HDI n+m 2n + 2m 2n + 2m 2n + 2m
total n+m 8n + 2m 2n + 81m 2n + 2m 2n + 2m 2n + 2m
Where n and m are segments containing DABCO(OH)2 and PEG-1500, respectively.
Table 2.4. Number of methylenes calculated from spectra in DMSO-d6.
Figure 2.13 outlines the scheme used for calculating the composition of each 
polyurethane.
Figure 2.13. Scheme of calculations performed on integrated areas of peaks in
1H-NMR spectra of polymers synthesized.
In this scheme, the following steps were taken in calculating composition.
First, the spectrum of the "pure" polyurethane (without ionomer) was analysed, 
and the integrated peak area at 4.1-3.9 ppm ("A-peak") divided by 2, since it was 
known  that  this  peak  corresponded  to  the  two  terminal  PEG  methylenes, 
bonded to the urethane moiety.  This gave the value, or "weight", of one PEG 
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methylene; the number of CH2 present in PEG, , was determined by dividing★  
the integrated peak at 3.7-3.5 ppm ("B-peak") by. This also made it possible to 
calculate the numerical average molecular weight (Mn) and compare it with the 
manufacturer's  data;  this  comparison  is  purely  qualitative,  as  methods  for 
determining Mn used by manufacturers can vary (and in PEG-1500's case only 
Mw was provided).
Second, for calculations concerning polyurethanes containing DABCO(OH)2, ★ 
was used in finding the weight of one macrodiol CH2; this was done by dividing 
the B-peak by . The weight of one PEG  ★ methylene present in the ionomer-
containing polyurethane was called mpeg.
Third, always concerning ionomeric polyurethanes, it was known that in the A-
peak there are a total of 10 CH2s, two of which are assigned to PEG and the 
remaining eight to DABCO(OH)2; the weight of 1 ionomer methylene, mion, was 
calculated by subtracting 2 mpeg from A-peak and dividing the remnant by 8.
Fourth, mpeg and mion were used for determining the percentage composition of 
(of total diol) each polyurethane synthesized.
Fifth and final, the above calculations were made with an approximation: given 
that  the  calculated  number  of  CH2s  in  PEG  in  B-peak  was  95  (D2O)  or  81 
(DMSO-d6),  the  two  ionomer  methylenes  present  in  this  peak  (Table  2.3, 
Table  2.4) were  deemed  negligible  during  calculations  involving  mpeg.  To 
check that this approximation was acceptable, 2mion was subtracted from the B-
peak area; the difference corresponds to the 95 or 81 PEG methylenes present, 
by which the area was  then divided. This division gave a new PEG methylene 
value, m'peg, which was compared with the previous mpeg.
The results of these calculations are summed up in Table 2.5.
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CDCl3
n° CH2 ( )★ 7
PEG-200 Mn 312 Da
D2O
n° CH2 ( )★ 95
PEG-1500 Mn 2149 Da
% DABCO(OH)2* mpeg m'peg
1500_PU_05 2.86 0.944 0.943
1500_PU_20 2.48 0.953 0.953
DMSO-d6
n° CH2 ( )★ 81
PEG-1500 Mn 1834 Da
% DABCO(OH)2* mpeg m'peg
1500_PU_05 2.70 1.093 1.093
1500_PU_20 2.43 1.064 1.063
Percentages are molar.
*Composition with respect to diols, not total
Table 2.5. Summary of data calculated from 1H-NMR spectra.
As can be seen from Table 2.5, the calculated amount of ionomer incorporated 
in all  polymers, in both deuterated solvents, does not exceed 3% mol of diol 
composition; consequently, actual composition is half this value, or 1.5% mol. 
Additionally,  the  approximation  used  for  calculations  is  acceptable,  since 
methylene weights do not vary significantly; in most cases there are no changes 
in value whatsoever, or at the third digit (1500_PU_05 D2O, and 1500_PU_20 
DMSO-d6). The calculated average molecular weight of PEG-1500 was in both 
cases very different from the value given by the manufacturer, although in the 
case of DMSO-d6 spectra, the difference is smaller.
While  this  can  be  expected  for  a  nominal  diol  feed  composition  of  5%,  it 
constitutes a large discrepancy for the 20% feed. It should be remembered that 
all ionomer-containing polyurethanes and 1500_PU_00 are water-soluble, and 
this property was exploited for purifying of unreacted DABCO(OH)2 by dialysis. 
Inevitably this means that the less than 1.5% ionomer measured and calculated 
in  spectra,  is  what  remained after  dialysis:  whether  unreacted or  present  in 
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oligomeric polyurethanes, the rest of DABCO(OH)2 (MW~273 Da) was in a form 
of insufficiently high molecular weight to be retained by the dialysis membrane, 
which had a cutoff of 2000 or 1000 Da.
One final  information can be  obtained from these  NMR spectra,  concerning 
1500_PU_20's  Mn. Unlike the other compounds analyzed, this ionomer has a 
measurable terminal OH area (0.29, see Table 2.1). This makes it possible to 
calculate a numerical average molecular weight, Mn. Moreover, this calculation 
is particularly useful, since 1500_PU_20 was found to be insoluble in CHCl3, 
the solvent used in gel permeation chromatography (GPC) for determining the 
synthesized polyurethanes' molecular weights. As can be seen in the respective 
section, 1500_PU_20 was not analyzable for this reason.
Given that the amount of ionomer incorporated in 1500_PU_20's case is 2.43 % 
mol of the total diol present (about 1.2 % mol of the entire polymer), this is a 
negligible quantity when determining  Mn. Any of the 3 peaks assigned to HDI 
contains 2 methylenes (see  Figure 2.10), while the two terminal -OH groups 
represent  1  "methylene"  in  terms  of  protons:  if  there  were  only  one  HDI 
molecule in an OH-terminated polyurethane, hydroxy and methylene protons 
would be in a 1:2 ratio. Peak areas can be first subjected to this ratio, so as to 
find the "weight" of one pair of HDI methylenes; the area of one HDI peak can 
then be divided by this weight.
In 1500_PU_20's case, terminal hydroxy groups have an area of 0.29, while the 
average of the three HDI peaks is 3.17. The 1:2 ratio is respected if it is 0.29 : 
0.58; the average peak (3.17) is divided by 0.58 to give 5.47, which represents 
the  degree  of  polymerization.  To  calculate  Mn,  one  simply  multiplies  the 
molecular weight of HDI (168.19 Da) and PEG-1500 by 5.47. An additional PEG 
molecule is added, since PEG-1500 was fed in molar excess, so as to ensure that 
the  polyurethane  was  hydroxy  terminated  (see  Experimental  Section). 
Depending on whether one has made the calculation with with PEG-1500's Mw 
provided by the manufacturer (1500) or with the  Mn determined by previous 
NMR  calculations  (1834),  the  resulting  Mn for  1500_PU_20  is  respectively 
10625 or 12786 Da.
This  calculation  was  possible  only  for  1500_PU_20,  since  it  was  the  only 
polyurethane with a visible hydroxy peak. Still, it was useful in providing a piece 
of information that would have otherwise remained unknown.
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2.4 Solubility tests.
Initial  solubility  tests  were  either  qualitative,  or  done at  concentrations  of  1 
mg/ml, to determine if a sample was insoluble in a particular solvent. In later 
tests the concentration was increased to 3 mg/ml (for 200_PU_00), in light of 
the concentration necessary for preparing GPC samples (2 mg/ml). In results 
not shown here,  it  was found that  samples soluble  in a specific  solvent  at  1 
mg/ml were also soluble in that same solvent at 3 mg/ml or more.  Table 2.6 
describes the outcome of all solubility tests. Solvents were tested only at room 
temperature.
Sample H2O CHCl3 THF Acetone MeOH Et2O DMSO
PEG-1500* s s s s s | s
DABCO(OH)2* s | -- -- -- -- s
1500_PU_001 s s s s s | s
1500_PU_051 s s | s s | s
1500_PU_201 s | | | | | s
200_PU_00(l)2 | s s | s | |
Where: s = soluble, | = not soluble,  -- = not performed.
Notes: *: qualitative; 1: 1 mg/ml; 2:3 mg/ml
Table 2.6. Solubility tests.
PEG-200 was not tested; from the manufacturer's technical data14 and other 
tests performed in this laboratory, it was known that this compound is quite 
water-soluble.  Since  200_PU_00's  soluble  fraction  (l)  dissolves  in  methanol 
and not water, this property was exploited in purifying it from unreacted PEG-
200 (see Experimental Section).
Solubility tests on DABCO(OH)2 where not performed with all solvents, since 
the amount of ionomer available was limited. Furthermore, previous work done 
in  this  laboratory  had  shown  that  the  compound  was  soluble  in  water  and 
DMSO;  these  specific  tests  were  essentially  a  confirmation  of  previous 
observations.
Cyclohexanone was not included in the solvents tested, as it was used only in 
determining the sensibility of polymer-dye systems prepared in this work (see 
vapor Tests).
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The  objective  of  these  solubility  tests  was  to  determine  whether  a  specific 
polymer could be analyzed by GPC, which used chloroform as the eluent (see 
respective  section).  More  importantly,  solubility  tests  were  essential  for 
determining  the  best  strategy  for  purification;  however,  as  described  in  the 
Experimental Section, purification was done by dialysis for all polymers, except 
200_PU_00. This was necessary, as macrodiols and polymers were soluble in 
nearly all the same solvents.
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2.5 Size exclusion chromatography
Size exclusion chromatography (SEC) was used for the characterization of all 
polymers synthesized in this work. The only exception was 1500_PU_20, which 
was  not  soluble  in  chloroform  (see  Solubility  Tests);  numerical  average 
molecular  weight  was  calculated  by  1H-NMR  spectroscopy  (see  respective 
section). Table 2.7 sums up chromatographic data collected.
Sample Mn Mw PDI (Mw/Mn)
PEG-200 241 273 1.130
PEG-1500 3043 3167 1.041
200_PU_00 12190 33278 2.730
1500_PU_00 10622 18366 1.729
1500_PU_05 11196 33423 2.985
All values are in Da. PDI= Polydispersity index.
Table 2.7. Molecular weights determined by GPC.
Given the  values  determined  for  the  two  macrodiols,  the  molecular  weights 
found  for  all  polymers  indicate  that  a  polycondensation  reaction  has  taken 
place. It should be noted that these values were obtained on a size exclusion 
chromatograph  using  chloroform  as  the  eluent,  and  by  calibrating  the 
instrument  with  monodisperse  polystyrene  standards15.  Furthermore,  PEG-
200's  value  has  been  extrapolated,  as  its  molecular  weight  is  below  the 
calibration curve's lowest value (500 Da).
Data  provided  by  PEG-200's  manufacturer14 includes  a  molecular  weight 
distribution; it is possible to calculate an Mw, giving a value of 226. It should be 
noted  however  that  fractioning  in  the  manufacturer's  case  was  done  by  gas 
chromatography; thus this information, much like the data obtained in 1H-NMR 
analysis, serves only as a comparison to the results gathered with GPC.
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2.6 Fourier transform infrared spectroscopy: polyurethanes.
Samples were prepared as described in Experimental Section. In this section 
both of 200_PU_00's fractions, (s) and (l), were studied. For simplicity, unless 
otherwise stated, "200_PU_00" refers to the soluble or liquid (l) fraction; the 
solid fraction (s) will be specified explicitly.
Before  analysing  the  acquired  spectra,  it  is  important  to  understand 
polyurethane spectra in general. This requires the following important pieces of 
information:  where  the  urethane  moiety  absorbs,  where  the  urea  moiety 
absorbs,  and  how these  absorptions  are  affected  by hydrogen bonding.  This 
section describes polyurethane spectra in general, as an introduction that aids 
in describing the results gathered in this work. The actual IR spectra are in the 
following  section,  Fourier  transform  infrared  spectroscopy:  functional 
polyurethanes.
For the purpose of an infrared spectroscopy study, the urethane moiety, -O-
(C=O)-NH-,16 can  be  considered  as  consisting  of  an  ether,  carbonyl  and 
secondary amine group. Chemically, it is reminiscent of the amide -(C=O)-NH- 
group and of the ester -(C=O)-O- group. Amide carbonyls absorb around 1695-
1630 cm-1, while esters absorb at higher wavenumbers, 1750-1735 cm-117,18.
The ether oxygen is  generally  not  used as  a diagnostic  group for identifying 
polyurethanes, and in the case of PEG-based polyurethanes it becomes difficult 
to distinguish between urethane ethers and glycol ones; still, it is good to know 
that  the  ether  moiety  absorbs  in  the  1100-1050  cm -1 region19.  Urethane 
carbonyls  typically  absorb  at  1730-1700  cm-1,  a  slightly  lower  value  when 
compared with ester carbonyls19–22, while urethane amines absorb in the 3450-
3300 cm-1 region20; generally, urethane carbonyls along with amines are used as 
diagnostic  groups23–25.  The  lower  wavenumber  values  for  urethane  carbonyl 
groups, are to be attributed to the presence both of the ether oxygen and amine 
bonded to the C=O group. This gives rise to resonance structures in which the 
carbonyl oxygen is single-bonded, making for a weaker bond that absorbs at 
lower IR frequencies. Figure 2.14 illustrates this resonance, both in urethanes 
and ureas.
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Figure 2.14. Resonance structures of the urethane and urea moiety.
Given that  nitrogen  is  less  electronegative  than  oxygen,  the  presence  of  the 
amine group facilitates resonance by donation of the nitrogen's lone pair. This 
makes for a more frequent single bond on the carbonyl carbon, when compared 
with  a  simple  ester  bond.  In  the  case  of  ureas  -NH-(C=O)-NH-,  resonance 
happens with greater ease than in urethanes, so that the single bond on the 
carbonyl  carbon  is  even  more  favored.  These  resonance  structures  are 
responsible for a weaker bond in the carbonyl group when compared to a simple 
ketone or even ester or amide,  affecting directly  the absorption frequency at 
which urethanes and ureas absorb26, 27.
As  stated  previously,  the  polymers  described  in  this  work  were  synthesized 
starting  from  diols  and  a  diisocyanate.  One  reaction  that  competes  with 
polyurethane formation is that of isocyanate with water, giving polyurea (see 
Figure 2.2). When studying these polymers, one must keep an eye out for the 
urea moiety.
The presence of urea not only implies a loss of reagent to an undesired reaction,  
it also means that hydrogen bonding within the polymer changes. Figure 2.15 
compares hydrogen bonding in a polyurethane system with that in a polyurea 
one23.
46
Figure 2.15. Comparison of hydrogen bonding in polyurethanes and polyureas.
As can be seen, polyurethanes and polyureas differ in hydrogen bonding, in that 
the  former  are  asymmetrical,  and  the  latter  are  symmetrical.  Furthermore, 
hydrogen bonding in a polyurea involves twice the number of hydrogens when 
compared to the situation in a polyurethane. The result is a stronger bond, and 
when  present  in  sufficient  amount,  urea  linkage  can  act  as  a  physical 
crosslinker23,28. While this can be exploited by manufacturers29–31, it makes for 
an undesirable product in pure polyurethane production, and the crosslinked 
polymer  is  generally  less  soluble  (if  not  insoluble)  than  the  non-crosslinked 
one29.
It becomes clear that, when examining the IR spectra of polyurethanes prepared 
from hygroscopic diols, one should look not only for urethane bands, but also 
urea  ones.  Figure 2.16 shows  both  the  absorption  frequencies  of  the  urea 
group, and the effect hydrogen bonding has on these frequencies.
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Figure 2.16. Comparison of urea absorption values in free and bonded state.
As  can  be  seen,  ureas  absorb  at  very  different  wavenumbers  depending  on 
whether they are free or bonded; furthermore, when bonded they are affected by 
ordered  or  disordered  hydrogen  bonding.  Ordered  hydrogen  bonding  is 
attributed  to  crystalline  domains  in  polyureas,  while  disordered  bonding  is 
assigned to amorphous regions.23,32,33
Examining the urea group, in the non hydrogen bonded case the carbonyl group 
absorbs at 1690 cm-1, a lower value than that found in other carbonyl-containing 
groups (see above). The amine group absorbs in a region typical of amines, 3450 
cm-1 18,23.  In  the  hydrogen bonded case,  ureas  undergo a  significant  drop in 
absorption  frequency  for  the  carbonyl  and  amine  groups,  with  a  distinction 
between  ordered  and  disordered  state.  As  is  to  be  expected,  carbonyl 
absorptions  in  the  ordered  (crystalline)  state  are  lower  than  those  for  the 
disordered  (amorphous)  one,  1650  cm-1 and  1630  cm-1,  respectively.  Amine 
absorptions instead don't undergo such large variations, with both ordered and 
disordered absorbing at about 3340-3320 cm-1.  The difference between these 
states is found in the shape of absorption bands: the ordered absorption has a 
very sharp band, while the disordered one has a broad band, as is to found in 
other hydrogen bonded systems18, 34.
As for urethane bonding (Figure 2.15),  the presence of only one amine per 
moiety makes for an asymmetrical and less strong hydrogen bonding.  Figure 
2.17 illustrates absorption bands in urethanes in free and bonded states.20
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Figure 2.17. Comparison of urethane absorption values in free and bonded state.
Hydrogen bonded urethane carbonyls absorb at about 1707 cm-1, while free ones 
absorb at 1730 cm-1, and amines absorb at 3310-3300 cm-1 and 3440 cm-1 in the 
hydrogen bonded and free state, respectively20.  Table 2.8 sums up urea and 
urethane absorption values.
Urea Urethane
bonded non-bonded bonded non-bonded
C=O 1630 (ordered) 1690 1707 1730
1650 (disordered)
N-H 3340-3320 (ordered, sharp) 3450 3310-3300 3440
3340 (disordered, broad)
All values in cm-1.
Table 2.8. Comparison of urea and urethane absorption values.
When comparing ureas and urethanes, values are sufficiently different that it is 
possible to identify both moieties,  in good spectra of samples with sufficient 
urea and urethane content.
In light of these considerations, one can examine both fractions of 200_PU_00 
as an example illustrating the differences between polyurethanes and polyureas. 
Indeed, polyurethane synthesis - in the presence of even trace amounts of water 
-  implies that one cannot ignore the potential presence of urea linkage.
In 200_PU_00's case, PEG-200 was used as the diol: at room temperature it is 
a  liquid,  and  has  a  significant  amount  of  absorbed  water.  Vacuum  drying 
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reduces the water content, but as described in the Experimental Section, two 
fractions were obtained from polymerization: one soluble in methanol, the other 
insoluble in methanol and all other solvents used. The insoluble fraction is such 
due to appreciable amounts of water that were present in PEG-200,14 resulting 
in urea linkage that altered the polymer's properties (Figure 2.18).
Figure 2.18. Spectrum of 200_PU_00 (s).
At a first glance, the spectrum of the solid fraction doesn't seem too different 
from that of the soluble one (Figure 2.19)
Figure 2.19. FTIR spectrum of 200_PU_00.
However,  a  closer  look  at  specific  regions  reveals  that  the  two fractions  are 
chemically different.  Figure 2.20 shows a detail of the amine region of both 
fractions.
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Figure 2.20. Comparison of 200_PU_00 (s) and 200_PU_00 (l), amine region.
As was described above, 200_PU_00 (s) has the characteristics of a polyurea: 
the amine absorption band is at 3324 cm-1, quite close to the value expected. 
Moreover, the peak's shape is relatively sharp, indicating that there is a certain 
degree of order in the hydrogen bonding in 200_PU_00 (s). On the other hand, 
200_PU_00 (l) absorbs at higher values, 3340-3330 cm-1, which in of itself is 
not sufficient to distinguish a urethane amine from a urea one. Although the 
shape of the peak is much wider, which could be ascribed to 200_PU_00 (l) 
being chemically different, the peak's different shape is probably attributable to 
the presence of unevaporated water. The presence of only one NH per urethane 
moiety, and the consequent asymmetry, make for much less ordered hydrogen 
bonding.
Finally, if one examines the carbonyl region of both fractions (Figure 2.21), 
one  notices  a  large  difference  between  the  two  polymers.  200_PU_00  (s)'s 
carbonyl peak is at 1681 cm-1,  clearly attributable to the carbonyl urea, while 
200_PU_00  (l)  absorbs  at  1700  cm-1,  typical  of  hydrogen-bonded  urethane 
linkage.  The  urea  absoprtion  is  not  at  1690  cm-1,  nor  at  any  other  values 
described in Table 2.7. This can be due to an intermediate situation between a 
free urea group and a disordered, bonded one: given that PEG-200 was vacuum 
dried and that this did eliminate an appreciable amount of water, the total urea 
linkage present is still not in sufficient quantity to undergo predominant urea-
urea interactions. Rather, it is probable that the urea linkage present interacts 
with  the  urethane  groups,  which  are  present  in  much  larger  amount.  Urea 
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linkage  is  not  present  in  sufficient  amount,  so  as  to  exhibit  ordered  or 
disordered  bonding  measurable  in  the  carbonyl  region.  Still,  its  presence  is 
capable  of  producing  an  insoluble,  solid  fraction,  even  when  not  the 
predominant linkage. The effect of urea crosslinking was such that it required 
subjecting 200_PU_00 to centrifugation, in order to properly separate the two 
fractions before finishing purification. This confirms once again the importance 
of keeping a lookout for urea linkage.
Figure 2.21. Comparison of 200_PU_00 (s) and 200_PU_00 (l), carbonyl region.
If one compares the soluble portion of 200_PU_00 with another PEG-based 
polyurethane,  such  as  1500_PU_00  (Figure  2.22),  one  can  employ  this 
newfound awareness in better describing polyurethane spectra.
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Figure 2.22. FTIR spectra of 200_PU_00 (above) and 1500_PU_00 (below).
As can be seen at a first glance, 200 and 1500_PU_00 are quite similar both in 
peak positions, and to a certain degree also in peak shape. However, a closer 
look indicates  some appreciable  differences.  Figure 2.23 compares  the two 
polymers in the amine region.
Figure 2.23. FTIR spectra of 200_PU_00 (above) and 1500_PU_00 (below); amine region.
Thanks to what is known from studying 200_PU_00's two fractions, the soluble 
portion consists chiefly of urethane linkage. Its amine peak is a relatively sharp 
one at  3327 cm-1,  which is  above the  expected  value  for  a  bonded urethane 
(3310-3300 cm-1) and below the non-bonded value (3440 cm-1). This suggests an 
intermediate  state,  in  which  some  of  200_PU_00's  urethane  amines  are 
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bonded, or at least are weakly bonded. This observation is further enforced by 
the  relatively  sharp shape  of  the  peak,  indicating  some sort  of  partial  order 
attributable  to hydrogen bonding;  this  relative sharpness can be appreciated 
when comparing it with 1500_PU_00. As for the latter, its amine peak has a 
maximum  at  3437  cm-1,  indicating  a  largely  non-bonded  state.  This  can  be 
explained  by  the  fact  that  the  density  of  urethane  linkage  decreases  with 
increasing molecular weight of the macrodiol;  hydrogen bonding does occur, 
but much less frequently. The very broad band can be attributed to amine-ether 
interactions, which are more likely than amine-carbonyl ones.
The assumption that 200_PU_00 is chiefly  composed of urethane linkage is 
confirmed,  when examining  its  carbonyl  region  and comparing  with  that  of 
1500_PU_00 (Figure 2.24).
Figure 2.24. FTIR spectra of 200_PU_00 (above) and 1500_PU_00 (below); carbonyl and ether region.
Both polymers have a band at about 1700 cm-1, indicating hydrogen bonding 
typical of urethanes. However, there is an inversion of the relative intensities of 
each  polymer's  carbonyl  and  ether  bands:  1700  cm-1 and  1105  cm-1 for 
200_PU_00;  1703  cm-1 and  1101  cm-1 for  1500_PU_00.  Indeed,  in 
200_PU_00's case the carbonyl peak is much more intense than its ether one. 
This is due to the fact that PEG-200 is composed on average of only 4 ethylene 
glycol units, which both explains the weaker ether band and stronger carbonyl 
band; a shorter macrodiol means a higher density of urethane linkage. As for 
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1500_PU_00, the situation is inverted, thanks to the higher molecular weight of 
its macrodiol; PEG-1500 has on average 34 repeating units, making for a much 
stronger ether signal and a less dense urethane linkage.
One final  note on 200_PU_00 (s):  given that its spectrum was acquired via 
ATR, ATR correction was applied, but this did not improve spectrum quality in 
an appreciable manner; moreover, IR spectra were only used for a qualitative 
comparison,  so  peak  areas  or  intensities  were  not  of  vital  importance. 
Furthermore, ATR correction did cause a small shift in peak positions, but it 
was an artifact of only 2 cm-1,  an insignificant amount when considering the 
difference  between  polyureas  and  polyurethanes  (up  to  50  cm-1),  and  the 
difference caused by ATR correction itself.35–37
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2.7 FTIR spectroscopy: functional polyurethanes.
All polyurethanes synthesized were subjected to IR spectroscopy; intensities are 
expressed in absorbance or arbitrary units (AU). The goal was to compare the 
spectra  so  as  to  determine  which  functional  groups  were  present.  For  this 
reason, peaks were compared for their position, rather than for their areas. To 
make the individual spectra suitable  for comparison,  their  absorbances were 
adjusted by multiplying the individual spectrum by an opportune factor. Again, 
infrared spectroscopy was performed so as to determine which moieties were 
present. Information pertaining to the polymers' composition had already been 
obtained through 1H-NMR spectroscopy (see section).
Figure 2.25 shows the spectra of PEG-1500 and DABCO(OH)2, while Figure 
2.26 compares  the  two in  the  carbonyl-ether  region.  The  main difficulty  in 
interpreting  the  spectra  of  polymers  synthesized  was  the  similarity  of 
polyurethanes with and without DABCO(OH)2.
Figure 2.25. FTIR spectrum of PEG-1500 and DABCO(OH)2.
While at first glance the two diols appear different, a closer examination in the 
carbonyl-ethyl  region  reveals  that  they  have  some  crucial  bands  at  nearly 
identical positions (Figure 2.26).
56
Figure 2.26. FTIR spectrum of PEG-1500 and DABCO(OH)2, carbonyl and ethyl region.
As can be seen, there are certainly bands that are unique to the ionomer, such as 
the  elaborate  peak  structure  located  between  1120  cm-1 and  1040  cm-1, 
attributable to vibrations of the triethylenediamine cage38. A peak at about 950 
cm-1 can be assigned to the quaternary ammonia groups, as according to data 
available in literature39. PEG-1500 has a typical ether stretch band at around 
1100  cm-1,  which  is  present  also  in  all  polyurethanes  synthesized   (Figure 
2.27).
Figure 2.27. FTIR spectra of (top to bottom) PU_100, 1500_PU_20,  1500_PU_05,  1500_PU_00; 
carbonyl and ethyl region.
Previous  works  in  this  laboratory  were  centered  around  DABCO(OH)2's 
incorporation in other polyurethane systems. The band used for determining 
the  presence  of  DABCO(OH)2 in  these  polyurethanes  was  852  cm-1, 
corresponding to CH2-CH2 bending in ethyl moieties18.  These previous works 
were based on HDI and DABCO(OH)2,  as was this work; the majoritary diol 
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however was 1,6-hexamethylene diol (HDO). Given the very different nature of 
HDO and the ionomer, the use of the 852 cm-1 band as a diagnostic signal is 
reasonable and perfectly feasible.
On the other hand, while this work studies polyurethanes prepared with HDI 
and DABCO(OH)2, PEG-1500 was used instead of HDO as the majoritary diol. 
The ionomer and macrodiol  have very similar spectra in the region used for 
determining  DABCO(OH)2's  presence.  Indeed,  one  can  consider  these  two 
compounds as having the same constituents:  DABCO(OH)2 is  essentially  five 
ethyl moieties opportunely bonded together, while PEG-1500 is a series of ethyl 
units  bonded  together  by  oxygen  atoms  (Figure  3.1).  Furthermore,  the 
potential use of the quaternary ammonia 952 cm-1 band present in DABCO(OH)2 
is present in all polyurethanes prepared and studied (Figure 2.27).
This similarity in band positions makes it practically impossible to determine 
DABCO(OH)2's  presence  in  the  polyurethanes  synthesized:  bands  used 
previously are present not only in the ionomer, but even in the polyurethane 
without the ionomer, 1500_PU_00 (Figure 2.28).
Figure 2.28. FTIR spectra of 1500_PU_00 (above) and DABCO(OH)2 (below); carbonyl and ethyl region.
To further complicate this infrared study, the elaborate peak structure at 1200-
1040 cm-1 is not visible in any of the polyurethanes synthesized (see  Figure 
2.29).
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Figure 2.29. FTIR spectra of (top to bottom) PU_100, 1500_PU_20,  1500_PU_05,  1500_PU_00.
Thus,  when  examining  the  spectra  of  polyurethanes  without  the  ionomer 
(1500_PU_00)  and comparing  it  with  one  containing  the  ionomer  (such  as 
1500_PU_05), one can see that the 1000-800 cm-1 region is nearly identical for 
both spectras (Figure 2.27). Thus it is safe to say that using the 852-1 cm band 
as a diagnostic signal is not feasible in this type of polymer system.
All these results are in agreement with the 1H-NMR results (see section), which 
indicated a maximum ionomer content of less then 3% total diol feed. However, 
there are certain behaviors in the IR spectra that can be studied and that can 
help confirm the presence of the ionomer. As described in the previous section, 
hydrogen bonded and "free" (no hydrogen bonding) urethane linkage exhibit 
different IR spectra, with the C=O stretch appearing at about 1707 cm-1 and 1731 
cm-1,  respectively20.  A  behavior  can  deduced  from  the  spectrum  of  PU_100 
(Figure 2.30).
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Figure 2.30. FTIR spectrum of PU_100.
The observable behavior stems from the fact that DABCO(OH)2 is a relatively 
bulky molecule.  When comparing 1500_PU_00 and PU_100 (Figure 2.27), 
there  is  an  effective  shift  of  the  carbonyl  band  from  1704  to  1716  cm -1, 
corresponding to a transition from a rich hydrogen bonded state to a relatively 
poor  hydrogen  bonded  state  -  albeit  not  completely  free  of  bonds. 
Unfortunately,  the  carbonyl  variation  is  small,  even  when  DABCO(OH)2 
represents 50% mol of the polyurethane in question.
In conclusion, from this IR study one can see that all polymers synthesized were 
chiefly polyurethanes, though there is a small amount of urea linkage present 
(Figure 2.27). This explains the partial insolubility of these polymers during 
workup and purification. Furthermore, IR spectrscopy confirmed NMR results, 
in  terms  of  detectability  of  incorporated  DABCO(OH)2,  and  indicated  that 
indeed the amount of ionomer present was quite small.
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2.8 Differential Scanning Calorimetry.
Sections of the temperature program will be referred to the respective names 
(see Experimental Section). With the exception of PEG-1500, all polymers had a 
measurable glass transition temperature (Tg); the absence of a Tg for PEG-1500 
has been previously documented40. The above described temperature program's 
aim was to measure glass transition temperature. To this end,  samples were 
quenched  while  above  their  melting  temperature41:  in  previous  attempts, 
cooling at "normal" rates (e.g. 10°C/min) did not prove successful in observing a 
glass transition. Figure 2.31 shows the thermograms acquired for all polymer 
samples,  while  Figures  2.32 through  2.35 show  details  in  different 
temperature intervals.
Figure 2.31. Complete overview of thermograms.
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Figure 2.32. Overlay of 1st heat.
Figure 2.33. Overlay of 1st cool.
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Figure 2.34. Overlay of 2nd heat, from -80 to 0°C.
Figure 2.35. Overlay of 2nd heat, from 0 to 160°C.
Table 2.9 sums up the thermodynamic data gathered from DSC analysis.
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1st heat 1st cool 2nd heat
Sample name Tf ΔH T ΔH Tg Cp Tf ΔH
PEG-2001 -- -- -- -- -88.6 0.340 -- --
PEG-1500 51.7 -189.0 9.4 170.0 -- -- 51.1 -176.0
200_PU_002 56.6 -39.8 53.1 1.1 -19.2 (1) 0.646 46.5 (1) -0.2
-2.1 (2) 0.027 59.7 (2) -1.3
1500_PU_00 47.2 -156.0 7.3 108.0 -53.5 0.033 46.3 -118.0
1500_PU_05 37.3 (1) -11.3 3.6 75.0 -51.9 0.037 40.3 -80.0
47.1 (2) -21.2
47.1 (both) -52.9
1500_PU_20 39.3 (1) -83.6 15.8 77.6 -51.8 0.013 39.8 -81.3
60.2 (2) -11.4
39.3 (both) -102
Units in table are:   Tf, T and Tg - °C;   ΔH - mJ/mg;   Cp - mJ/°C·mg.
Numbers and words in parentheses identify distinct features; see figures for reference.
1 Data from previous work in this laboratory.
2 During 1st cool sample  showed a change in Cp (0.116 mJ/°C·mg) at -23.9°C.
Table 2.9. Thermodynamic data from DSC analysis.
PEG-1500's  melting  temperature  and  heat  of  fusion  remain  essentially 
unaltered.  200_PU_00, on the other hand, has an appreciable heat of fusion at 
about 56°C during 1st heat, attributable to melting of the crystallite phase; this 
endotherm however  nearly  disappears,  shifting  and splitting into  two small 
peaks.  The  large  peak  observed  during  1st heat  is  replaced  by  a  large  glass 
transition in 2nd heat,  at about -20°C. It appears that there is also a second, 
smaller glass transition that follows shortly after (-1°C). 200_PU_00's relatively 
complex thermogram also seems to show a change in heat capacity that is not 
negligible  (over  100 mJ/°C·mg).  The melting  endotherm observed during 1st 
heat disappears after quenching has occurred; this suggests that during rapid 
cooling,  macromolecule  chains  did  not  recrystallize,  remaining  in  a 
predominantly amorphous state.42
1500_PU_00,  composed  solely  of  HDI  and PEG-1500,  maintains  essentially 
unaltered values between both heats; 1500_PU_00 has a Tg of -53.5 °C, close to 
values  found  in  similar  systems.43 Under  normal  heating  (1st heat),  two 
endotherms were observed for polymers containing DABCO(OH)2.  Quenching 
and then heating at the same rate (2nd heat) caused the disappearance of one of 
these  endotherm  peaks;  the  remaining  one  is  also  present  in  PEG-1500, 
suggesting that if there were two crystalline fractions, the one observed in 2nd 
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heat is attributable to a PEG-rich phase.
Despite quenching, all polyurethanes containing PEG-1500 have an exothermic 
recrystallization  (Figure  2.33),  as  does  the  macrodiol  itself.  PEG-1500 
experiences  recrystallization at  about  50°C,  while  the  polymers'  temperature 
gradually increases from approximately 4°C to 15°C.
Thermogram details (Figure 2.35) and data from 2nd heat indicate that the 
endotherm peak regresses in temperature, as DABCO(OH)2's feed composition 
increases. Although NMR results show that the amount of ionomer present in 
both  polymers  is  very  similar  (see  section),  DSC  results  suggest  that  this 
similarity in overall  composition does not exclude the possibility  of  different 
distributions of the ionomer. Indeed, a different arrangement of the DABCOder 
within  the  polymer chain  might  have  taken  place  when feed composition is 
increased, and could be responsible for the peak regression observed during 2nd 
heat.
Based on these observations, the 1500_PU series can be described as having an 
amorphous phase and a crystalline phase.  Quenching does not eliminate the 
crystalline  phase,  as  indicated  by  the  exothermic  recrystallization  observed 
during  1st  cool.  The  absence  of  a  glass  transition  in  PEG-1500 under  these 
conditions  suggests  rapid  reorganization  kinetics;44 this  recrystallization 
behavior seems to carry over in the 1500_PU series.
200_PU_00  instead  appears  to  be  mostly  amorphous,  with  only  a  small 
contribution  from  components  in  the  matrix  that  could  be  experiencing 
crystallization.  PEG-200  itself,  as  determined  in  previous  work  in  this 
laboratory,  did  not  have  a  melting  temperature,  rather  a  glass  transition  at 
about -88°C. This property seems to carry over in 200_PU_00.
PU_100 was also  subjected to  DSC (Figure 2.36),  in order  to  evaluate  the 
effects of DABCO(OH)2 when it is the only diol used.
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Figure 2.36. Thermogram of PU_100.
Figure 2.37 shows 1st heat of PU_100.
Figure 2.37. Thermogram of PU_100, 1st heat.
There  is  a  single,  very  wide  endotherm  centered  at  about  80°C;  the  very 
different nature of PU_100 made no comparisons possible with the 1500_PU 
series.33 Additionally,  during  1st cool  and  2nd heat  no  clear  Tg or  melting 
temperature  was  observed.  For  these  reasons,  no  further  additional 
thermodynamic analyses of the compound's thermogram were made.
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2.9 Thermogravimetric Analysis.
All samples were heated from 30°C to 700°C at 10°C/min, using nitrogen as the 
carrier gas (200 ml/min).  An example of a degradation curve, along with its 
degradation rate, is shown in Figure 2.38.
Figure 2.38. Example of thermogram, with weight loss (TG)
and derivative (DTG). Sample: PEG-1500.
Individual thermograms acquired in this work are plotted as weight loss (TG, %) 
against  temperature;  additionally,  the rate  of  degradation (DTG, mg/min)  is 
plotted. Three pieces of information can be gathered from a thermogram: the 
onset temperature Tonset (corresponding to 95% of the original sample weight), 
degradation rate maximum (or maxima, depending on observable peaks), and 
the sample's final weight percentage (shown in the lower right corner of this 
thermogram).
As two polyurethanes (200 and 1500_PU_00) based on different macrodiols 
were synthesized, their degradation curves are shown in Figure 2.39.
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Figure 2.39. Overlay of 200_PU_00 and 1500_PU_00's thermograms.
1500_PU_00 shows a higher thermal stability, along with a slightly higher final 
weight percentage.
PZPER's thermogram (Figure 2.40) is quite complex, with an initial weight 
loss between 20°C and 100°C. The dye's quaternary ammonia groups readily 
interact with water molecules,45 and are responsible for PZPER's dispersibility 
in water; this can account for early weight losses below 100°C, attributable to 
evaporation of absorbed water.
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Figure 2.40. PzPer's thermogram.
Weight losses at higher temperatures can be attributed to degradation of the 
moieties bonded to the aromatic core, which is probably responsible for the high 
final weight percentage46.
Below are  some overlays  of  the  other  samples'  thermograms.  In  the  case  of 
PU_100  compared  to  DABCO(OH)2 (Figure  2.41),  the  ionomer's  complex 
behavior during degradation can be observed also in the polyurethane, in which 
it nominally constitutes 50% mol. Data available from literature shows that the 
complex  behavior  can  be  attributable  to  sufficient  presence  of  DABCO 
derivatives47.
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Figure 2.41. Overlay of DABCO(OH)2 and PU_100's thermograms.
A comparison of 1500_PU_00, 05, 20 and 100 (Figure 2.42) indicates that  in 
polyrethanes with up to 20% mol of the ionomer making up the diol feed, the 
degradation  curve  remains  essentially  unaffected.  However,  in  the  case  of 
PU_100  as  stated  above,  DABCO(OH)2 is  sufficiently  present  to  greatly 
influence the degradation curve.
Figure 2.42. Overlay of 1500_PU_00, 05, 20 and PU_100's thermograms.
70
PEG-1500 and all polyurethanes synthesized show a characteristic degradation 
curve, typical of polymeric materials7,48. DABCO(OH)2 and PzPer, on the other 
hand,  have  complex  degradation  curves,  indicating  a  series  of  separate 
degradative  processes.  For  PU_100,  in  which  50%  mol  of  the  sample  is 
composed of the ionomer, the degradation curve reflects the elevated amount of 
DABCO(OH)2 present. Table 2.10 sums up data gathered from TG analysis.
Sample
name
Tonset (°C)
(95% weight)
Degradation rate
mg/min (at °C)
Final weight
(%)
PEG-200 66.3 0.745 (252.3°C) 0.0
200_PU_00 268.6 1.521 (353.4°C) 1.2
1.626 (359.6°C)
PEG-1500 361.9 1.987 (404.0°C) 1.7
2.013 (410.0°C)
1500_PU_00 325.6 1.020 (410.4°C) 2.9
1500_PU_05 331.0 1.770 (410.0°C) 1.9
1500_PU_20 316.6 1.484 (411.3°C) 2.2
DABCO(OH)2 145.6 0.472 (263.0°C) 2.7
0.919 (316.9°C)
1.388 (334.8°C)
PU_100 65.0 0.731 (375.1°C) 1.0
0.395 (475.8°C)
PzPer 276.3 0.224 (44.1°C) 86.8
0.601 (326.3°C)
Table 2.10. Summary of data gathered from TGA analysis.
With the exception of PEG-200 and 200_PU_00, all polyurethanes synthesized 
have lower onset temperatures than their starting macrodiol, i.e. PEG-1500 has 
a  Tonset of  361.9°C,  while  the  1500_PU  series  has  a  consistently  lower  Tonset. 
Moreover,  PEG-1500's  maximum  degradation  rate  is  reflected  in  the 
corresponding polyurethanes, as they have similar temperature values at which 
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this  occurs  -  about  410°C.  The  1500_PU  series  also  has  a  quite  simple 
degradation curve, with only one degradation maximum. On the other hand, the 
most complex polymer degradation behavior is found in the ionomer and its 
corresponding  polyurethane,  PU_100.  PzPer  has  the  highest  final  weight 
percentage, possibly because of its aromatic structure.
The low Tonset found for PEG-200 can be due to absorbed water (the sample was 
not dried prior to TG analysis), and possibly to volatile components present in 
this commercial product. DABCO(OH)2's similarly low onset temperature is also 
probably caused by vapor, as this compound is relatively hygroscopic.
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2.10 Solvent vapor absorption: films, colors.
A fluorescent dye, N, N' - bis (2 - (1 - piperazino) ethyl) - 3, 4, 9, 10 - perylene 
tetracarboxylic acid diimide dichloride (PzPer, also identified as PZPER and PZ-
PTCDI2,28), was dispersed at very low and low loadings (0.01 - 0.50% wt) in the 
ionomeric  polyurethanes  synthesized  in  this  work.  Steady-state  fluorescence 
spectra  were  acquired  for  all  films  prepared  (see  below).  This  dye-polymer 
system  exhbited  chromogenicity,  which  was  studied  with  steady-state 
fluorescence  spectroscopy  (see  section).  Figure  2.43 shows  the  chemical 
structure of the dye.
Figure 2.43. Chemical structure of  N,N'-bis(2-(1-piperazino)ethyl)-
3,4,9,10-perylenetetracarboxylic acid diimide dichloride (PzPer).
PzPer is composed of two peripheral piperazine rings which comprise secondary 
and  tertiary  amine  groups,  whose  dissociation  constants  correspond  to  pKa 
values  of  about  11  and  5.5,  respectively29.  Reference  52  shows  that  the 
quaternized  nitrogens  are  bound  to  ethyls,  and  correspond  to  the  "inner" 
piperazine  nitrogens.  However,  1H-NMR  analysis  revealed  that  the  PzPer 
provided  for  this  work  actually  has  had  its  "outer"  piperazine  nitrogens 
quaternized. 
While  perylene  tetracarboxylic  acid  anhydride  diimides  (PTCDIs)  have  been 
prepared  and  studied  in  a  variety  of  works30–33,  PzPer  is  a  relatively  new 
molecule, whose behaviour in polyurethane matrices has not been explored.
Films of polyurethanes prepared in this work (Table 2.11) were subjected to a 
series of solvent vapor absorption tests. These tests served not only to determine 
the amount of  solvent vapor absorbed,  but also to verify  the dyed polymer's 
sensitivity to water. Solvent vapor absorption tests will be referred to as "vapor 
tests" throughout the rest of this work, specifying the solvent used.
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Polymer Pol. amount 
(mg)
Dye solution (v:v 
water:acetone, mg/ml)
Dye 
(ml)
Nominal dye 
(% wt)
Effective 
dye (% wt)
1500_PU_00-01 300.0 80:20, 0.03 1.0 0.01 0.010
1500_PU_00-05 300.0 80:20, 0.03 5.0 0.05 0.050
1500_PU_00-10 300.0 80:20, 0.03 10.0 0.10 0.100
1500_PU_05-05 205.0 50:50, 0.10 1.0 0.05 0.049
1500_PU_05-10 201.0 50:50, 0.10 2.0 0.10 0.100
1500_PU_05-20 199.8 50:50, 0.10 4.0 0.20 0.200
1500_PU_05-30 199.9 50:50, 0.10 6.0 0.30 0.300
1500_PU_05-40 190.6 50:50, 0.10 7.6 0.40 0.399
1500_PU_05-50 202.0 50:50, 0.10 10.0 0.50 0.500
1500_PU_20-01 303.0 80:20, 0.03 1.0 0.01 0.010
1500_PU_20-05 301.0 80:20, 0.03 5.0 0.50 0.049
1500_PU_20-10 304.0 80:20, 0.03 10.0 0.10 0.099
1500_PU_20-50 203.0 50:50, 0.10 10.0 0.50 0.493
Table 2.11: amounts of dye and polymer used for each film.
Film preparation is described in Experimental Section. It should be noted that 
these films seldom had sufficient mechanical properties for handling. Indeed, 
they  were  so  fragile,  that  removal  from  dishes  required  placing  them  in  a 
freezer, bringing them closer to their Tg (see DSC section). Even after freezing, 
films were quite delicate. These issues determined which films were suitable for 
testing. Spectra of all films prepared, and of films subjected to vapor tests, are 
described in Fluorescence Spectroscopy.
Three solvents were used: water, acetone and cyclohexanone. Tests were either 
performed over a 48 or 24 hour period, both to measure the final amount of 
solvent absorbed, and to qualitatively study fluorescence onset kinetics.
While the entire 1500_PU series is soluble in water and in some cases acetone 
(with the exception of 1500_PU_20, see Solubility Tests), cyclohexanone was 
used in hopes of finding a behavior comparable to that in other systems. Indeed, 
cyclohexanone is a volatile component present in trace amounts in plasticized 
explosives.  Flourescent  sensors  capable  of  detecting  cyclohexanone  even  in 
small quantities with a high selectivity have already been elegantly developed by 
Swager  and coworkers, and  rely  on  an  interruption  of  energy  transfer  from 
conjugated polymer to dye. The fluorescent dye is very selective in interacting 
with cyclic ketones, cyclohexanone in particular, and works on the principle of 
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overlapping molecular orbitals: when the dye is undisturbed, its orbitals and 
those of the conjugated polymer overlap. In the presence of cyclohexanone there 
is an interaction between the solvent and an "analyte binding site" in the dye. 
This  interaction  is  sufficient  to  disrupt  orbital  overlap,  interrupting 
fluorescence49.
In  the  case  of  the  polyurethanes  synthesized,  this  selectivity  -  at  least 
intentionally  -  is  absent.  Still,  studying  the  polyurethanes'  behavior  in  the 
presence of a specific ketone would make for an interesting comparison.
Each person's eyes perceive colors in a unique manner, making for subjective 
color perception. Furthermore, sensitivity to colors, i.e. the ability to distinguish 
between two similar colors, varies from person to person, further complicating 
visual observations made on color-changing materials. Another challenge that 
has to be addressed is that photographs of samples are rarely - if ever - a faithful 
representation of what the human eye sees.
For  this  reason,  the  digital  camera  used  for  photographing  samples  was 
calibrated to optimize picture quality; a series of optimal parameters were found 
(see  Experimental  Section).  Figure  2.44 shows  the  setup  used  for 
photographing samples.
Figure 2.44. Photography setup.
Films  made  with  1500_PU_05  were  used  for  the  majority  of  fluorescence 
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studies, given that it has sufficient mechanical properties for simple handling. 
Films instead from 1500_PU_00 and 1500_PU_20 were so fragile  that they 
cracked  upon  contact  with  tweezers,  or  any  other  tool  available  in  the 
laboratory. Still, dye-loaded films were made with both of these polyurethanes, 
and were useful in determining the minimum amount of PzPer necessary for 
observing fluorescence both in aggregated and disaggregated state.
Three  films  were  prepared  using  1500_PU_00  (Figure  2.45).  Dye 
concentrations of 0.01% wt (A) and 0.05% wt (B) proved almost insufficient for 
observing any fluorescence, both to the camera and naked eye. The film loaded 
with 0.10% wt (C) instead seems to be the minimum amount of dye required for 
observing actual fluorescence with this specific matrix.
Figure 2.45. Photograph of films prepared with 1500_PU_oo.
A) 0.01% wt dye, B) 0.05% wt, C) 0.10% wt.
Illuminated by 8W UV lamp, λexc = 366 nm.
Four films were prepared using 1500_PU_20 (Figure 2.46). To the naked eye 
and the camera, these films offered the best fluorescence. Unfortunately they 
were quite fragile and very difficult to handle without accidentally destroying 
them.
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Figure 2.46. Photograph of films prepared with 1500_PU_2o.
Colors: "lemon yellow" (0.01, 0.05% wt), "salmon pink"
(0.10% wt), "strawberry red" (0.50% wt). Illuminated by 8W
UV lamp, λexc = 366 nm.
Still,  1500_PU_20 was useful in distinguishing three colors observable in all 
films prepared. Systems containing PzPer or other perylene bisimides generally 
exhibit  two typical  fluorescence peaks,  one at about 530 nm and one at 570 
nm50,51 (see  Fluorescence  Spectroscopy).  While  these  colors  can  be 
distinguished  by  the  naked  eye  in  most  cases,  only  1500_PU_20  exhibited 
colors that could be discriminated by the digital camera's optical sensor. For the 
sake of identifying colors, the following terms have been used: lemon yellow, 
salmon pink, strawberry red.
"Lemon yellow" corresponds to fluorescence contributed chiefly by the 530 nm 
peak, as is the case of 1500_PU_20-01 and 1500_PU_20-05. This color is also 
observed both in solutions with at least 20% v/v acetone50, 52, and in very humid 
samples  that  have  been  exposed  to  acetone  vapors  for  about  6  days  (not 
pictured).  Figure 2.47 shows a photograph of a 50% v/v acetone solution of 
PzPer (0.1 mg/ml).
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Figure 2.47. Photograph of a PzPer solution (50% v/v acetone, 0.1 mg/ml).
Illuminated by 8W UV lamp, λexc = 366 nm.
"Salmon pink" is an intermediate color,  and can be described as a sufficient 
contribution of both the 530 nm and 570 nm peaks, as seen in 1500_PU_20-10. 
This color is observed in other films in a similar state, such as 1500_PU_05-10, 
20, 30.
Lastly, "strawberry red" corresponds to an appreciable contribution of the 570 
nm peak, and was observed only in films loaded with 0.50% wt dye, as is the 
case of 1500_PU_20-50.
It should be noted that these descriptions are indicative, and based on visual 
observations.
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2.11 Vapor tests: color changes, weight variations.
As  stated  in  the  previous  section,  the  1500_PU_05  matrix  was  chosen  for 
measuring the amount of solvent absorbed over time;  Figure 2.48 shows the 
samples at different concentrations.
Figure 2.48. Photograph of films prepared with 1500_PU_o5 at different dye
concentrations (% wt). Illuminated by 8W UV lamp, λexc = 366 nm.
Apparently,  no  appreciable  color  difference  is  visible;  as  stated  previously, 
spectra of all films acquired are found in Fluorescence Spectroscopy. The setup 
chosen for exposing films to solvent vapors was the single plastic jar method 
(Figure 2.49).
Figure 2.49. Single plastic jar method.
This  method  is  described  in  the  Experimental  Section;  it  was  used  later  in 
fluorescence  spectroscopy  (see  section),  and  allows  multiple  samples  to  be 
placed in the same environment. Samples were first exposed to water, acetone 
or  cyclohexanone  vapors,  for  various  periods  of  time.  This  was  done  to 
determine,  from  visual  observations,  which  solvent  caused  a  chromogenic 
response in the films.
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After  finding  an  appropriate  solvent  for  a  chromogenic  response,  solvent 
absorption was  measured for  that  solvent.  At  timed intervals,  a  sample  was 
removed and weighed, then photographed, and finally placed back in the jar. 
Multiple  samples  were  used,  either  to  compare  films  with  different  dye 
concentrations,  or  to  obtain  an  average  behavior  for  samples  of  the  same 
concentration. The results gathered in this section are organized by presenting 
first the visual observations, followed by the weight variations measured.
It was found that for films loaded with 0.40% wt of dye (1500_PU_05-40), the 
pristine  film  has  an  intermediate  coloration,  "salmon  pink"  (see  previous 
section). During tests with acetone, it was found that after 16 hours there was a 
shift from this intermediate color to "lemon yellow" (Figure 2.50).
Figure 2.50.  Films of 1500_PU_05, 0.4% wt dye. Pristine film (left) and
exposed for 16 hours (right). Illuminated by 8W UV lamp, λexc = 366 nm.
The samples tended to liquefy upon prolonged exposure to saturated acetone 
vapors. In general, best color change was observed after 16-24 hours; after this, 
color intensity tended to either regress or remain stable. It was also found that 
16 hours of exposure, interrupted by measurements every 4 hours, is not the 
same  as  16  hours  of  uninterrupted  exposure.  Indeed,  if  a  sample  of 
1500_PU_05-40 was exposed to acetone without any interruptions, a visible 
color change already took place after 8 hours (Figure 2.51).
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Figure 2.51.  Films of 1500_PU_05, 0.4% wt dye. Acetone test. Unexposed film (left) and
film exposed for 8 uninterrupted hours (right). Illuminated by 8W UV lamp, λexc = 366 nm.
From the photograph one can see that liquefaction has already begun to take 
place,  though  it  is  much  less  pronounced  than  in  the  case  of  the  16-hour 
exposure (see above).
As mentioned before, two other solvents were used, water and cyclohexanone. 
While there was interest in determining possible qualitative responses to the 
cyclic ketone, in hopes of comparing systems in this work with state-of-the-art 
ones,  none  of  the  1500_PU_05  films  showed  a  visible  response  to 
cyclohexanone,  even after  48 hours  (Figure 2.52).  Moreover,  films became 
deformed and even experienced curling,  as  shown in the  figure,  rather  than 
liquefaction.
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Figure 2.52. 1500_PU_05-40 film exposed to cyclohexanone for 48 hours.
Illuminated by 8W UV lamp, λexc = 366 nm.
Water similarly did not cause any significant changes in color.  Figure 2.53 
shows a sample of  1500_PU_05-40 exposed to water  for  8 hours,  the same 
amount of time as with acetone when studying fluorescence onset. Apparently 
water causes a much minor change in color that acetone.
Figure 2.53.  Films of 1500_PU_05, 0.4% wt dye. Water test. Unexposed film (left) and
film exposed for 8 uninterrupted hours (right). Illuminated by 8W UV lamp, λexc = 366 nm.
As can be  seen,  there  is  no appreciable change in color,  although there is  a 
variation in hue. Samples exposed to water for more than 8 hours mantained 
this color, even after 48 hours (not pictured); exposing them for at least 6 days 
did eventually induce a color change. This response time however is not very 
practical  for  developing  vapor  sensors.  Still,  exposure  to  water  allowed  for 
exploring mechanochromic phenomena (see below).
Since  acetone  was  the  only  solvent  that  caused  visible  color  changes  upon 
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exposure in reasonable time frames, it became the focus both of vapor tests, and 
of fluorescence spectroscopy (see section). Furthermore, color change was only 
observed in 1500_PU_05-40; for this reason it too became the focus of later 
tests.  Figure 2.54 illustrates  the time schedule  used for timing the  various 
measurements on 1500_PU_05-40.
Figure 2.54. Strategy used for overlapping separate tests to minimize measurement gaps.
Two separate tests were performed, offset by 8 hours, with the first one starting 
at  10:00  and  the  second  one  at  18:00.  This  doubled  the  number  of 
measurements, and also halved the nighttime gap (18:00-10:00), from 16 hours 
to 8 hours. Three samples were placed into the plastic jar for each test, in order 
to  calculate  an  average  value.  Figure  2.55 is  a  combination  of  the  data 
gathered from both tests.
Figure 2.55. Average weight variations for vapor tests in acetone performed on 1500_PU_05-40.
The first four hours are characterized by the greatest weight variation, as the 
polymer  readily  absorbs  the  acetone  vapors;  measurements  in  the  following 
hours show less dramatic variations. As described before, weighing the samples 
over short intervals of time (4 hours) corresponds to a weight loss, as can be 
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seen in the 24-32 hour interval; there is a consistent loss of weight attributable 
to evaporation of acetone during measurement and photography of samples.
A large increase in weight is observed after the first 4 hours, but color change 
onset  occurs  after  8  hours.  The  first  hours  of  absorption  correspond to  the 
greatest  absorption  rate,  suggesting  strongly  favored  interactions  between 
solvent  molecules  and  polymer  matrix.  As  time  progresses,  there  are 
fluctuations in the amount of solvent absorbed, though the films seem to have 
reached  a  plateau  value  already  after  4  hours.  This  suggests  that  the 
polyurethane systems have become saturated with the solvent. Although there is 
some  evaporation  caused  by  the  frequent  measurements,  leaving  films 
undisturbed for 8 hours (8-16 and 32-40 in Figure 2.55) produces only a slight 
increase, remaining below a ceiling value of about 125%.
In light of this behavior in weight variations, it is possible to describe the films 
as initially absorbing large amounts of solvent; during these first hours there is 
no visible color change. Additional exposure time corresponds to a change in 
color.  This  change  could  be  attributable  to  the  now  sufficient  presence  of 
acetone in interacting with PzPer, in a fashion comparable to that previously 
found in aqueous solutions50. On the other hand, this change could be brought 
about  by  the  different  properties  of  the  polymer  matrix  (viscosity,  polarity, 
etc...).  It should be stressed though that no actual explanations can be made 
based exclusively on naked-eye observations.
As  mentioned  above,  1500_PU_05-40  was  found  to  exhibit  chromogenicity 
when exposed to acetone vapors for at least 8 hours. It was also found to exhibit  
appreciable mechanochromicity when placed between two sheets of aluminium 
foil, and peeled (Figure 2.56).
Figure 2.56.  1500_PU_05-40 before (left) and after (right) peeling.
Illuminated by 8W UV lamp, λexc = 366 nm.
As was stated before, 1500_PU films were not suitable for mechanical drawing 
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tests. However, if samples were exposed to water vapors for 8 hours (which did 
not induce color changes), sufficient liquefaction occurred, allowing them to be 
pressed between two sheets of aluminium foil; placing them into a desiccator 
overnight and then peeling open the two sheets yielded a sharp change in color.
The  results  obtained  during  vapor  exposure  tests  and  peeling  were  further 
explored and expanded in fluorescence spectroscopy (see following sections).
85
2.12 Fluorescence spectroscopy.
As described above, the fluorescent dye N, N' - bis (2 - (1 - piperazino) ethyl) - 3, 
4, 9, 10 - perylene tetracarboxylic acid diimide dichloride (PzPer), was dispersed 
at very low and low loadings (0.01 - 0.50% wt) in the ionomeric polyurethanes 
synthesized in this work. Steady-state fluorescence spectra were acquired for all 
films  prepared  (see  Table  2.10).  This  dye-polymer  system  exhbited 
chromogenicity, which was studied with steady-state fluorescence spectroscopy. 
Figure 2.57 shows the chemical structure of the dye.
Figure 2.57. Chemical structure of  N,N'-bis(2-(1-piperazino)ethyl)-
3,4,9,10-perylenetetracarboxylic acid diimide dichloride (PzPer).
Being a diimide (or bisimide) implies that PzPer belongs to a large family of 
fluorescent  dyes  that  are  chemically  different,  and  whose  compatibility  with 
different  matrices  and  environments  varies  wildly.  Such  chemical  and 
environmental diversity would make it very hard to compare the opto-electronic 
properties of perylene derivatives; this is not an issue however, thanks to the 
presence  of  nodes  at  the  imide  nitrogens  in  HOMO  and  LUMO 
orbitals53 (Figure 2.58).
Figure 2.58. HOMO (top) and LUMO (bottom) of perylene bisimides.
Note that both frontier orbitals exhibit nodes at the imide nitrogens.
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An  article  by  Donati  and  coworkers50 details  the  study  of  temperature  and 
environment  effects  on  the  aggregation  extent  of  PzPer.  The  environments 
studied were water, water/acetone solutions, and polymer matrices of varying 
polarity. Studies in this work with water/acetone solutions showed a progressive 
recuperation of  fluorescence,  as the amount of  acetone is  increased (Figure 
2.59).
Figure 2.59. Fluorescence spectra (λexc = 450nm) of 1 × 10-4 M PzPer
solutions in pure water and after progressive addition of acetone (%, v/v).
Based  on  this  behavior,  acetone  is  shown to  have  disaggregative  properties, 
disrupting aggregates and increasing fluorescence efficiency. The article cited 
above, along with a previous paper by Donati et al.54 involving aliphatic perylene 
bisimides in LLDPE, will be used as the main reference material for the results 
gathered in this work.
Figure 2.60,  Figure 2.61 and  Figure 2.62 show the spectra acquired for 
films of 1500_PU_00, 05 and 20, respectively.
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Figure 2.60.  Emission (λexc = 450 nm) spectra of 1500_PU_00 films
prepared with different concentrations of PzPer.
Figure 2.61.  Emission (λexc = 450 nm) spectra of 1500_PU_05 films
prepared with different concentrations of PzPer.
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Figure 2.62.  Emission (λexc = 450 nm) spectra of 1500_PU_20 films
prepared with different concentrations of PzPer.
All spectra have two characteristic peaks, one at 530 nm and the other at 570 
nm.  These  emission  maxima  are  attributed  to  0-0  and  0-1  relaxations, 
respectively50.
1500_PU_00 and 20 have spectra that are relatively easy to follow, showing an 
increment in intensity as dye concentration is increased; for 1500_PU_20-50, 
which contains the maximum amount of dye introduced (0.50% wt), there is an 
abrupt  drop  in  intensity,  and  the  spectrum's  profile  is  quite  similar  to 
1500_PU_20-01.  Matrices  of  1500_PU_00  and  1500_PU_20  represent 
systems without and with ionomer, respectively. Emission behavior in relation 
to dye concentration is quite similar, though for 1500_PU_20-50 there seems to 
be sufficient dye concentration for aggregation. Given the reduced amount of 
DABCO(OH)2 determined by NMR calculations (see section) in this matrix, if 
any  interactions  between  ionomer  and  PzPer  are  present,  they  seem  to 
encourage aggregation rather than compatibilization.
As  for  the  other  matrix  studied,  1500_PU_05's  spectra  don't  have  such  a 
discernable  behavior.  Still,  it  was  the  only  polyurethane  with  sufficient 
mechanical properties for handling; for this reason, attention was focused on 
the 1500_PU_05-based systems.
Studying peak intensity is not a recommended way of observing and describing 
eventual  trends.  In  order  to  have  a  better  view of  possible  behaviors,  peak 
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intensities were measured and used for calculating ratios. The following ratios 
were used for analyzing fluorescence spectra:
-  percent  intensity  variation,  ΔS/S0 ×  100,  where  S0 is  the  sample's  initial 
intensity and ΔS the difference between initial and final intensities; the 530 nm 
peak was used for these calculations. This quantity was used for tests involving 
exposure to acetone vapors (see below);
- ratio of 570 nm band and 530 band, I570/I530. This was calculated for dry films 
and also for acetone vapor tests.
The purpose of ΔS/S0 × 100 is to minimize the heterogeneity that is inevitable in 
films: although ideally  a film should have the same properties  in each point 
measured,  peak intensities  change appreciably  from point to  point.  Studying 
multiple  samples  of  the  same  film  (or  different  films  with  the  same  dye 
concentration)  becomes  very  difficult,  as  the  initial  intensity  can  vary 
considerably.  This  ratio  instead  allows  for  a  reasonable  comparison,  since  a 
sample's initial intensity has been taken into account.
The  I570/I530 fraction  helps  in  better  viewing  potential  aggregation-
disaggregation phenomena, due to a difficulty associated with PzPer's emission 
features. As reported in the above mentioned reference material and in a work 
by  Pucci  et  al.55,  perylene bisimides  exhibit  two fluorescence bands that  are 
useful in studying the state of the dye molecules. Other fluorescent dyes such as 
BBS24, 25 show two distinct bands, and are easily attributable to the respective 
interacting and non-interacting states. This makes fluorescence spectroscopy a 
very  useful  tool  and  relatively  easy  method  for  studying  the  polymer-dye 
system's behavior under external stimuli. Unfortunately, this intuitive and easy 
approach is not applicable to systems with preylene bisimide dyes. In PzPer's 
case, the two observed peaks are the result of emissions from both forms: in 
other words one cannot simply assign the aggregated state to one band, and the 
non-interacting state to another.
Despite this difficulty, there are some behaviors that can be used in diagnosing 
an  increase  in  interacting  or  monomeric  molecules.  When  disaggregation 
occurs, PzPer spectra show an overall increase in intensity (ΔS/S0 × 100), and 
the ratio between the 570 nm and 530 nm bands gradually decreases. The latter 
effect is due to a reduction of the aggregates' contribution, which is prevalent in 
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the  570 nm band.  These phenomena were  reported in  the  works referenced 
above,  when  acetone  was  incrementally  added  to  acqeous  PzPer  solutions. 
Indeed,  the  presence  of  this  polar  organic  solvent  aided  in  recuperating 
fluorescence, and also showed an increase in the 530 nm band with respect to 
the 570 nm one. Based on these observations, calculating I570/I530 is useful in 
distinguishing  the  contributions  coming  from  aggregated  and  monomeric 
chromophore molecules.
As  described  above,  emission  maxima  intensities  were  measured,  and  peak 
ratios were calculated for 1500_PU_05 films. These were plotted against dye 
concentration, as shown in Figure 2.63.
Figure 2.63.  Peak intensities (left) and peak ratios (right) of dry 1500_PU_05 films,
as a function of dye concentration (%wt × 100).
In 1500_PU_05-40's case, which was the focus of most tests, intensity of both 
bands is slightly lower than for the rest of the samples. Its peak ratio instead is 
in line with a more general behavior, showing an initial increase of  I570/I530, and 
stabilizing around a plateu value of 0.50.
Several  methods were used for exposing 1500_PU_05-40 to acetone vapors. 
Acetone was chosen for the same reason as described in the vapor Tests section, 
namely its observed ability to favor fluorescence of PzPer in the disaggregated 
form in aqueous solutions. 1500_PU_05-40 was chosen according to previous 
visual  observations made during vapor tests:  a color transition from pink to 
yellow was observed, after at least 8 hours of exposure to the solvent's vapors. 
Color change was observed only for this particular dye concentration.
Four methods were used for exposing film samples to vapors: glass box, single-
side exposure method, single plastic jar, and 4 plastic jars (Figure 2.64).
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Figure 2.64.  Setups used in exposing
1500_PU_05-40 to acetone vapors.
These  methods  (described  in  Experimental  Section)  offer  different  points  of 
view,  and  help  study  the  chromogenic  material's  behavior  under  different 
conditions.
The Glass box method allowed placing multiple samples in the same container, 
and thus in the same conditions; as will be seen later, this was not essential for 
observing appreciable trends. Three separate tests were run with the glass box, 
and their average calculated (Figure 2.65). These tests lasted 4 hours, as there 
was interest in studying the film's initial behavior: vapor absorption tests with 
acetone  had  shown  that  samples  experienced  a  dramatic  increase  in  weight 
during the first four hours of exposure (Figure 2.55), followed by smaller and 
less appreciable weight variations.
Figure 2.65.  Averages of precentage intensity variations (left) and peak ratios (right). For
peak ratios: dry (above) and humid (below). 1500_PU_05-04 samples, glass box method.
Percent intensity variation initially increased and then decreased, indicating a 
drop in fluorescence intensity. Peak ratios instead showed a different behavior. 
Dry films had very different peak ratios, as mentioned before; on the contrary, 
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all samples exposed to acetone vapors showed an almost identical peak ratio 
(about 0.58). The exposure to solvent vapors seems to have almost "uniformed" 
peak  ratios.  Since  this  represents  a  drop  of  I570/I530,  it  seems  to  indicate  a 
tendency to favor the non-interacting form of PzPer during the first hours of 
vapor absorption.
Curious about what happened to the samples upon exposure, tests were done to 
monitor the first few minutes of acetone absorption. The single-side exposure 
method made it possible to study samples' behavior in real time, and as with the 
glass box method, three measures were used to obtain the average shown in 
Figure 2.66.
Figure 2.66.  Averages of precentage intensity variations (left) and peak ratios (right).
1500_PU_05-04, single-side exposure method.
Evolution  of  ΔS/S0  ×  100  and  I570/I530 during  the  20-minute  measures  is 
characterized by oscillations, though general behaviors can still be seen. Percent 
intensity variation experiences a gradual decrease, while peak ratio experiences 
a  slight  increase.  Before  attributing  these  changes  to  phenomena  occurring 
within  the  polyurethane  matrix,  it  should  be  noted  that  at  the  end of  each 
measurement, films had become warped and cracked, due to loss of mechanical 
properties. This could be the cause for a gradual decrease in intensity, not to 
mention the  oscillations  that  accompany this  decrease.  Moreover,  unlike  the 
glass  box  method,  this  setup  left  one  side  of  the  film  exposed  to  the  open 
environment; acetone absorbed by the lower face could migrate to the upper 
surface and evaporate, instead of remaining within the matrix.
The  Single  plastic  jar  method (Figure 2.67)  subjected  the  same sample  to 
multiple measurements. This method had already been used in vapor tests (see 
respective section), and it was originally with this method that color change was 
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observed  after  8  hours.  The  single  plastic  jar  was  used  chiefly  to  study  the 
evolution of spectra shortly before and shortly after this time value. Of course, 
spectra  acquisition  implied  removing  the  sample  from  its  container  and 
measuring it, and then placing it back in the plastic jar. This could be the cause 
for variations observed both in percentage and peak ratios, similar to variations 
in weight observed during vapor tests.
Figure 2.67.  Averages of precentage intensity variations (left) and peak ratios (right).
1500_PU_05-40, Single plastic jar.
Despite these fluctuations, one can clearly see a large and dramatic increase in 
fluorescence, as indicated by percentage intensity variations. Moreover, there is 
a consistent increase in peak ratio values.
This  data  is  different  from  data  acquired  in  the  glass  box  and  single-side 
exposure method; it should be noted however that both duration and setup were 
entirely different, making it not possible to simply combine the methods' data 
into  one  "timeline".  The  articles  used  as  reference  material  described  an 
increase  in  intensity  accompanied by a  drop in  I570/I530 when disaggregation 
occurred. While fluorescence did increase in intensity, I570/I530 did too, contrary 
to the behavior found in these works.
The 4 plastic jars method (Figure 2.68) is a variant of the single plastic jar one, 
and  offers  data  that  is  reasonably  comparable  to  its  predecessor,  since  the 
durations are nearly identical and the setup unchanged. Indeed, the only major 
differences stem from the fact that samples are measured only once, instead of 
multiple times.
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Figure 2.68.  Averages of precentage intensity variations (left) and peak ratios (right).
1500_PU_05-40, 4 plastic jars.
Percentages increase significantly, indicating a large increment in intensity. On 
the  other  hand,  peak  ratios  oscillate  significantly,  but  overall  indicate  an 
appreciable increase.
While  for  the  glass  box  and  single-side  exposure  method  averages  were 
performed  so  as  to  be  able  to  differentiate  between  oscillations  and  actual 
behaviors,  for  the  single  and  4  plastic  jars  method  an  average  was  not 
calculated.  This  decision  was  made,  since  spectra  behavior  allowed  for  an 
identifiable behavior. The issue of sample heterogeneity still posed a potential 
problem,  when  evaluating  percent  intensity  variations;  it  was  deemed  not 
necessary to measure the dry film spectrum of each sample, since the variations 
were large (up to one order of magnitude). For this reason, the data acquired for 
1500_PU_05-40's dry film spectrum was used in calculating ΔS/S0 × 100. The 
decision  to  not  calculate  an  average  was  corroborated  by  the  presence  of  a 
consistent behavior in  fluorescence intensity over time.
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2.13 Discussion of results from fluorescence spectroscopy. 
The works referenced throughout this section revolve around equally polar and 
protic  systems of  varying hydrophobic  content  (PVA and EVAl matrices),  or 
completely hydrophobic ones (LLPDE). In polar and protic environments (as 
was the case of PVA), hydrogen bonding appeared to be a driving force in the 
aggregation of PzPer molecules. A reduction of hydroxy group content in the 
polymer matrix (EVAl systems) led to a decrease in aggregation extent of the 
dye  molecules.  In  completely  hydrophobic  systems,  aliphatic  bisimides  (ES-
PTCDI) dispersed in LLDPE showed quenching upon increase of concentration, 
which is attributable to very strong π-π stacking among perylene chromophores. 
The most effective quenching effect observed for the dye when dispersed into 
LLDPE  is  attributed  by  the  authors  to  a  more  planar  chromophore 
conformation in the solid state with respect to hexane solutions57.
Polyurethanes prepared in this work use PEG, a polyether, as the majoritary 
diol. This confers a strongly polar, but weakly protic, nature to these matrices: 
indeed, carbamates have very low pKa values (up to 20)58. Unlike PVA or EVAl 
matrices, the study of PzPer's behavior in a strongly polar (but weakly protic) 
environment has not been studied yet. According to the previous considerations 
made  on  peak  ratios,  an  increase  in  dye  concentration  followed  by  a  slight 
increase in I570/I530 might be an indication of an increase in aggregation extent in 
1500_PU_05 matrices.
Acetone  exposure  in  the  plasitc  jar  methods  seems  to  cause  contrasting 
behaviors:  on  one  hand  there  is  a  large  increase  in  fluorescence  intensity, 
suggesting that a possible quenching phenomenon has decreased. On the other 
however,  there  is  only  a  slight  increase  in  the  I570/I530 ratio.  This  seems  to 
suggest  that  an  increase  in  fluorescence  is  not  accompanied  by  a  complete 
destruction of the aggregates.
As seen with PVA and EVAl, polar and protic environments seem to promote 
dye aggregation; in PEG systems protons are much more scarce, while polarity 
is  still  guaranteed. It is  possible that in PEG-based systems there could be a 
partial preservation of aggregates, even when exposed to a solvent shown to aid 
in disaggregation. This is suggested by the fact that  I570/I530 experiences only 
small variations during the various vapor tests performed in different setups. 
Another factor to keep in mind is that acetone vapor absorption leads to a drop 
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in  sample  viscosity,  which  certainly  favors  dye  mobility;  it  is  known  that 
aggregation  is  a  diffusion-controlled  process59,60.  This  additional  effect  of 
acetone should be kept in account, before attributing the dye's supramolecular 
state to polarity of the environment or to potential disruptive properties of the 
solvent.
In addition to studies on film behavior in the presence of an organic solvent, 
attempts at mechanochromic tests were performed. All films had insufficient 
mechanical properties for drawing tests; it was however possible to subject the 
samples  to  peeling,  as  observed  in  vapor  tests  (see  section).  Again, 
1500_PU_05-40 was the focus of studies on mechanochromic peeling. Figure 
2.69 shows the spectra acquired.
Figure 2.69.  Emission (λexc = 450 nm) spectra of 1500_PU_05-40,
immediately after peeling and 1 week later.
Table 2.12 sums up the ratios calculated from these spectra.
ΔS/S0 × 100 I570/I530
Dry -- 0.53
Freshly peeled 620 0.52
1 week later 68 0.72*
*Ratio calculated for I550/I515.
Table 2.12.  Ratios calculated for 1500_PU_05-40 sample subjected to
mechanochromic peeling. For explanation of ratios, see previous paragraphs.
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It  should be  noted that  before  and after  each measurement  the  sample  was 
placed in a desiccator, so as to minimize the possibility that vapor in the air 
could alter matrix viscosity. These results are quite interesting, as upon peeling 
there  is  an  overall,  dramatic  increment  in  fluorescence  intensity  (six-fold). 
However, measuring the sample one week later, it was found that the situation 
had significantly changed, with intensity dropping drastically. Moreover, peak 
ratios for the dry and freshly peeled film don't show appreciable differences, 
while after a week the ratio has increased appreciably:  these results  seem to 
suggest that aggregation phenomena might have taken place during storage in 
the desiccator.
In  temperature  studies  conducted  on  PVA  matrices,  heating  above  Tg 
corresponded to a recovery of fluorescence intensity50. In this work instead, all 
studies  were  done  above  the  polyurethanes'  Tg,  (approximately  -50°C,  see 
section:  Differential  Scanning  Calorimetry),  a  factor  that  should  be  kept  in 
account when considering the dye's behavior in a polymer matrix. Temperature 
studies however were not conducted, as films tended to liquefy when heated 
above human body temperature. Peeling seemed to yield an increase in intensity 
similar to heating of PVA systems, though there was no evidence for appreciable 
disaggregation phenomena. This could be the result of aggregates being strong 
enough to resist mechanical solicitations55, the polar nature of the environment, 
or both.
Apparently, subjecting this chromogenic system to mechanical peeling not only 
is  unsuccessful  in  altering  a  state  potentially  attributable  to  dye-dye 
interactions,  it  also  represents  an  unstable  state  for  the  PzPer  molecules. 
Indeed,  after  one  week  in  dry  conditions  (a  desiccator),  not  only  has 
fluorescence  experienced  quenching,  it  has  been  accompanied  by  a  strong 
increase in the 570 nm (blue-shifted to 550 nm) band, suggesting a possible 
increment in aggregation. These behaviors might suggest that mechanochromic 
peeling  initially  encourages  fluorescence  efficiency,  but  ultimately  actually 
favors  aggregation  and  quenching.  The  regressive  behavior  could  also  be 
attributed to sufficient mobility  of  dye molecules,  in this  novel  polyurethane 
matrix. Indeed, as observed in DSC analysis (see section), 1500_PU_05 has a Tg 
of about -50°C, which certainly can favor eventual migration phenomena55. Dye 
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mobility  could  account  for  fluctuations  and  occasionally  incoherent  results 
observed in the various tests performed.
The idea of using these types of polyurethane-dye systems in anti-tampering 
devices  exploiting  mechanochromic  peeling,  as  suggested  in  the  section  on 
vapor  tests,  is  interesting.  However,  one  would  first  have  overcome  the 
instability that accompanies this chromogenicity.
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3. Experimental section
3.1 Materials Used.
3.1.1 Solvents.
Chloroform  (CHCl3,  Sigma-Aldrich,  puriss.),  tetrahydrofuran  (THF,  Sigma-
Aldrich, puriss.), acetone (Sigma-Aldrich, RPE), methanol (MeOH, Carlo Erba, 
RS),  diethyl  ether  (Et2O,  Carlo  Erba,  RPE),  dimethyl  sulfoxide  (DMSO, 
Panreac,  puriss.)  and  cyclohexanone  (Sigma-Aldrich,  99.5%)   were  used  as 
received.
3.1.2 Deuterated Solvents and NMR tubes.
Deuterium  oxide  (D2O,  Aldrich,  99.9%  D),  dimethyl  sulfoxide  (DMSO-d6, 
Aldrich,  99.9% D) and chloroform (CDCl3,  Aldrich,  99.8% D)  were  used as 
received.
NMR tubes were purchased from Aldrich, Wilmad® NMR tubes 5mm diameter, 
precision.
3.1.3 Reagents.
Reagents used for polyurethane preparation are shown in Figure 3.1., and the 
general  structure  of  a  polyurethane  with  incorporated  ionomer  is  shown  in 
Figure 3.2.
Figure 3.1. Reagents used for polyurethane preparation.
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Figure 3.2. General structure of ionomeric polyurethane synthesized;
in the case of PEG-200 the number of repeating units is 2 instead of 32.
Hexamethylene  diisocyanate  (HDI,  Fluka,  purum)  and  dibutyltin  dilaurate 
(DBTDL, Aldrich) were used as recieved.
Polyethylene  glycol,  average  molecular  weight  1500  (PEG-1500,  Aldrich, 
Mn=3043 Mw=3167 PDI=1.041 determined by size exclusion chromatography, 
see Results and Discussion), polyethylene glycol, average molecular weight 200 
(PEG-200, Clariant, Mn=241 Mw=273 PDI=1.133 determined by size exclusion 
chromatography,  see  Results  and  Discussion),  and  the  ionomer  1,4-
dihydroxyethyl-1,4-diazabicyclo[2.2.2]octane  dichloride  (DABCO(OH)2, 
MW=273.202, kindly provided by Professor Cinzia Chiappe, University of Pisa) 
were dried under vacuum at 50°C in the reaction vessel before each synthesis.
3.1.4 Dye
N,N'-bis(2-(1-piperazino)ethyl)-3,4,9,10-perylenetetracarboxylic  acid  diimide 
di- chloride (PZPER), kindly provided by Dr. Andrea Pucci,1was used as the 
fluorescent dye (Figure 3.3).
Figure 3.3. Structure of the fluorescent dye PZPER.
Two solutions of PZPER were prepared: 80/20 v/v water/acetone 0.03 mg/ml, 
and 50/50 v/v 0.10 mg/ml.
3.1.5 DABCO(OH)2: characterization.
The ionomer, previously synthesised for an unpublished paper by Prof. Cinzia 
Chiappe,  was characterized with FTIR spectroscopy,  DSC, TGA and  1H-NMR 
spectroscopy.
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3.1.6 PU_100: characterization.
A polyurethane prepared by reacting HDI and DABCO(OH)2, PU_100, had been 
previously synthesised by in this laboratory. PU_100 was used as received, and 
was only characterized. This polyurethane was prepared under the POLOPTEL 
project (see below). PU_100 was characterized with FTIR spectroscopy, DSC, 
TGA and 1H-NMR spectroscopy.
3.1.7 PZPER: characterization.
Among the available compounds, this dye was chosen for its water-solubility. 
This property was necessary and useful, since the polyurethanes synthesized in 
this work are also water soluble. The dye was synthesised by Dr. Andrea Pucci 
for a previous work1, in which it was characterized by FTIR, 1H-NMR, 13C-NMR 
and UV-Vis spectroscopy, as well as elemental analysis.
3.1.8 POLOPTEL project
Two items were prepared under the POLOPTEL project:  DABCO(OH)2 and 
PU_100,  the  latter  being  a  polyurethane  synthesized  solely  from  HDI  and 
DABCO(OH)2, in a previous work done in this laboratory.
The  POLOPTEL  project  is  titled  "New  Polymer  Systems  with  Electric  and 
Optical  Functionalities  via  Nano and Micro  Adhesive  Dispersion  to  Produce 
Materials and Devices for Smart Applications (POLOPTEL)". Its mission is "the 
preparation, design, characterisation, processing and performance evaluation of 
polymer based smart materials" (quoted from the project's  submission form, 
part B). The project is financed by Fondazione Cassa di Risparmio di Pisa, Via 
Pietro Toselli, 29, 56125 Pisa.
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3.2 Characterization techniques.
3.2.1 1H Nuclear Magnetic Resonance
1H Nuclear Magnetic Resonance (1H-NMR) spectroscopy was performed using 
a Varian INOVA 600 operating at 600 MHz. Temperature was controlled with a 
Varian  control  unit  (accuracy  of  ±  0.1°C).  Samples  were  analyzed  using  the 
opportune  deuterated  solvent,  and  tetramethylsilane  (TMS)  was  used as  the 
calibration standard. NMR solutions (20 mg/ml) were prepared on the previous 
day by dissolving samples in their respective solvents, and subjecting them to 
sonication  overnight.  Spectra  were  analysed  with  ACD/NMR  Processor 
Academic Edition, version 12.01.  Table 3.1 sums up the deuterated solvents 
used for each sample.
Compound Deut. solvent
DABCO(OH)2 D2O, DMSO-d6
200_PU_00 CDCl3
1500_PU_00 D2O, DMSO-d6
1500_PU_05 D2O, DMSO-d6
1500_PU_20 D2O, DMSO-d6
Table 3.1. Samples and deuterated solvents used.
1H Nuclear magnetic resonance spectroscopy was performed on DABCO(OH)2 
and all polyurethanes synthesized; the resulting spectra were normalized, and 
peak areas integrated. Calculations were then performed on the areas' values to 
determine the polymers' compositions.
Table  3.2 shows  the  compounds  and  respective  deuterated  solvents  used. 
Compounds with multiple solvents indicates that more than one spectrum was 
acquired for those substances; this was done both in hopes of improving peak 
resolution (so as to evaluate the validity of spectra results), and for comparison.
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Compound Deut. solvent Chemical Shift2 (ppm)
DABCO(OH)2 D2O, DMSO-d6 4.80, 2.50
200_PU_00 CDCl3 7.26
1500_PU_00 D2O, DMSO-d6 4.80, 2.50
1500_PU_05 D2O, DMSO-d6 4.80, 2.50
1500_PU_20 D2O, DMSO-d6 4.80, 2.50
Table 3.2. List of compounds, deuterated solvents
and their respective chemical shifts.
3.2.2 Fourier Transform Infrared spectroscopy
Fourier Transform infrared (FTIR) spectra were acquired with a JASCO FT/IR-
6200  infrared  spectrometer  with  spectrum  range  600  to  4000  cm-1,  1  cm-1 
resolution, 128 scans per spectrum.
Films were  obtained by first  dissolving a  small  amount of  the  sample  in  an 
opportune solvent, and then placing a few drops on a KBr window (CHCl3 for 
200_PU_00 and 1500_PU_00, 05) or a BaF2 window (water for 1500_PU_20). 
Pellets instead were prepared by grinding a minimal amount of the sample with 
KBr powder in an agate mortar and pestle, and then pressing the powder in a 
hydraulic press at 9.5 tons for about 1-5 minutes. This method was used for 
DABCO(OH)2 and PU_100.
200_PU_00  (s)  was  measured  with  an  Attenuated  Total  Reflectance  (ATR) 
VeeMax II ATR (Pike Technologies) acessory, equipped with sample vice and 
variable  angle  capability.  The  acquisition  angle  was  set  at  44°,  and  a  ZnSe 
crystal was used for acquisitions. 
Spectra  were  analysed  with  the  spectrometer's  software,  Spectra  Manager 
(version 2.08.02).
3.2.3 Solubility tests
Solubility  tests  were  performed on all  polymers at  room temperature with 7 
solvents: demineralized water, chloroform, tetrahydrofuran, acetone, methanol, 
diethyl ether, and dimethyl sulfoxide. Tests were conducted at a concentration 
of 1 or 3 mg/ml; a sample was deemed soluble in a solvent if after 8 hours no 
solid residue was observable.
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3.2.4 Size Exclusion Chromatography
Number  average  and  weight  average  molecular  weights  (Mn,  Mw),  and 
polydispersity index (PDI) were determined by Size Exclusion Chromatography 
(SEC), on an Agilent Technologies 1200 Series instrument equipped with two 
PLgel 5 µm MiniMIX-D columns, Refractive Index (RI) detector. Chloroform 
was used as the eluent (flow rate: 0.3 ml/min) versus polystyrene standards. 
Columns and refractive index detector were thermostated at 35°C. All samples 
were filtered on Millex®-GV 0.22 µm filters.
3.2.5 Differential Scanning Calorimetry
Differential  Scanning  Calorimetry  (DSC)  thermograms  were  acquired  on  a 
Exstar SII DSC 7020. Measurements were performed under nitrogen gas (180 
ml/min),  and  thermograms  were  analysed  with  MUSE  Standard  Analysis 
(Version 6.5 U, Build 800). Table 3.3 describes the temperature program used, 
Table 4.4 lists the weight of each sample.
Name T start (°C) T stop (°C) Rate (°C/min) Notes
1st heat 20 160 10 hold 1 min
1st cool (quench) 160 -80 50 hold 10 min
2nd heat -80 160 10 hold 1 min
2nd cool (end) 160 20 30
Table 3.3: DSC temperature program.
Sample Amount (mg)
PEG-1500 8.6
1500_PU_00 6.5
1500_PU_05 6.7
1500_PU_20 7.7
200_PU_00 6.9
Table 3.4: weight of DSC samples.
3.2.6 Thermogravimetric Analysis
Thermogravimetric  Analysis  (TGA)  measurements  were  performed  on  an 
Exstar SII TG/DTA 7200 (precision: ± 0.01 µg). Alumina crucibles were used 
for all  samples, and nitrogen was used as the carrier gas (200 ml/min). The 
temperature  program  was  20  to  700°C  (10°/min);  all  thermograms  were 
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analysed with MUSE Standard Analysis (Version 6.5 U, Build 800). Table 3.5 
lists the weight of each sample.
Sample Amount (mg)
PU_100 7.996
200_PU_00 8.639
1500_PU_00 4.136
1500_PU_05 7.042
1500_PU_20 6.353
DABCO(OH)2 6.766
PZPER 4.922
PEG-200 6.660
PEG-1500 6.247
Table 3.5: weight of TGA samples.
3.2.7 Fluorescence spectroscopy and photography
Steady-state fluorescence spectroscopy was performed using a Fluorolog Horiba 
Jobin  Yvon  Fluorimeter,  equipped  with  an  FL-3000  fiber  optic  module. 
Excitation was done at 450 nm, with a 2 nm slit aperture; emission spectra were 
measured between 500 nm and 600 nm at 1 nm increments. The detector was 
set at 0.1 s for integration time. In order to measure emission spectra, small 
squares (about 5 × 5 mm) were cut from each film. Films here held about 1-5 
mm away from the fiber optic probe.
Spectra  were  handled  with  the  fluorimeter's  software,  FluorEssence (version 
3.5.1.20,  Origin  version 8.1090),  and  plotted with  OriginPro  8 SR0 (version 
8.0274). Fluorescence spectroscopy was used to acquire the spectra not only of 
the dry films, but also of some samples exposed to acetone vapors (see Vapor 
tests section).
Qualitative  measures  of  fluorescence,  i.e.  photographs  of  films  under  UV 
irradiation,  were  performed  under  excitation  with  an  8w UV  lamp  (Wood's 
glass, 366 nm). Excitation was done in a dark room, with samples placed on a 
square of black paper. Photographs were taken with a digital camera, Canon 
A570 IS (7 megapixel resolution); parameters were changed to optimize picture 
quality (Table 3.6).
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ISO 80
White Balance Underwater
Countdown time 2"
Color effect Custom: Color 5
Contrast 5
Saturation 5
Focus Evaluative
Picture quality Superfine
Picture size 3072 x 2304
Exposure time 2"
f-value 2.6
Focus Manual (6-8 cm)
Additional parameters MF point zoom on
(camera menu) Safety MF off
AF-assist beam off
Auto-rotate off
Settings were changed when necessary.
Table 3.6. List of digital camera's parameters.
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3.3 Polymer Synthesis.
A  total  of  4  polymers  were  synthesised:  200_PU_00,  1500_PU_00, 
1500_PU_05 and 1500_PU_20.
3.3.1 Polymer nomenclature
The  nomenclature  has  the  following  logic:  for  the  generic  polymer 
xxxx_PU_##,  xxxx indicates  the  average  molecular  weight  of  the  macrodiol 
used,  PU indicates  that  the  polymer  is  a  polyurethane,  and  ## denotes  the 
percentage of ionomer in the total diol  feed. Since these polymers were also 
employed  in  the  preparation  of  films,  the  percentage  in  weight  of  dye  was 
indicated  with  a  fourth  set  of  numbers.  Thus,  when  discussing  films,  the 
samples  will  be  identified  as  xxxx_PU_##-ww,  where  -ww indicates  the 
percentage in weight multiplied by 100. Figure 3.3 sums up the nomenclature.
Figure 3.3. Polyurethane nomenclature.
So,  in  the  example  above  illustrated,  the  sample  1500_PU_05-40  is  the 
polyurethane using a macrodiol of Mw=1500, 05% mol of the diol feed is the 
ionomer, and the filmed sample contains 0.40% wt of dye (40 divided by 100 
gives  0.40%).  Figure 3.4 gives  an overview of  polyurethanes  prepared and 
further illustrates the nomenclature's usage.
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Figure 3.4. Polyurethanes prepared.
3.3.2 Synthesis
For the  synthesis  of  1500_PU_00 and 1500_PU_05,  a  three-necked round-
bottomed flask was used as the reaction vessel (100 ml and 50 ml, respectively).  
The vessel was equipped with a combined hotplate - magnetic stirrer Heidolph 
MR Hei-Standard and oil bath for heating and mixing, along with an outlet and 
inlet for gases. Temperature was monitored with the hotplate's external probe.
Synthesis  and  mixing  for  1500_PU_20  and  200_PU_00  was  done  with  a 
mechanical stirrer Heidolph ELektro KG Kelhelm, in a two-necked cilindrical 
vessel with an additional inlet for gases; heating was provided with the same 
equipment used for 1500_PU_00 and 1500_PU_05.
All polymerizations were conducted under nitrogen atmosphere.
Feed  compositions  are  described  in  Table  3.7.  PEG-200,  PEG-1500 
DABCO(OH)2 were first dried under vacuum at 50°C for 24 hours, and then 
HDI was introduced in the necessary amount; a drop of DBTDL was added to 
catalyse  the  reaction,  and  the  mixture  was  left  to  react  for  24  hours.  The 
reaction was interrupted with 20-40 ml of MeOH (depending on the quantity of 
reagents used), and left to mix for 8-24 hours.
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Name OHionomer/OHtotal
(molar ratio, %)
Macrodiol
(mmol)
DABCO(OH)2
(mmol)
HDI
(mmol)
OH:OCN
(molar ratio)
200_PU_00 0.0 55.750 0.000 49.800 1 : 0.89
1500_PU_00 0.0 10.000 0.000 9.191 1 : 0.92
1500_PU_05 6.3 13.987 0.939 13.237 1 : 0.89
1500_PU_20 21.6 2.971 0.816 4.023 1 : 1.06
Table 3.7. Summary of polyurethanes and compositions. Quantities are expressed in mmols.
3.3.3 Work-up and purification
The  mixture  was  then  transferred  into  a  1000  ml  beaker  and  magnetically 
stirred. Precipitation was accomplished by adding dropwise diethyl ether in a 
15:1 ratio, and leaving the mixture to stir overnight. While normally one would 
add the polymer solution to the non-solvent, our reaction mixtures always had 
an  insoluble  component  that  rendered  this  impossible.  The  polymer  (and 
unreacted  PEG-1500  and  DABCO(OH)2)  was  vacuum  filtered  on  a  buchner 
funnel using filter paper; the impure polymer was then air dried.
Polymers  were  finally  dissolved  in  demineralized  water  at  different 
concentrations,  and  dialyzed  for  3  days  with  Spectra/Por®  regenerated 
cellulose (RC) dialysis membranes. Amounts of polymer and water used, and 
molecular weight cutoff (MWCO) of the membrane used are described in Table 
3.8.
Name Polymer (grams) Solution (ml) Concentration (mg/ml)
1500_PU_00 2.027 100 20.3
1500_PU_05 19.57 220 88.9
1500_PU_20 2.033 100 20.3
Table 3.8. Amounts of polymer and water, along with
concentration of solution used for dialysis.
Dialysis was used to remove unreacted ionomer. Dialysed solutions were freeze 
dried, then redissolved in acetone and precipitated in diethyl ether in a 1:10 v/v 
acetone:Et2O  ratio.  1500_PU_05  was  not  freeze  dried,  and  was  instead 
precipitated in THF in a 1:8 v/v THF:water ratio.
The  above  described  work-up  and  purification  procedure  was  used  for  all 
polyurethanes,  except  200_PU_00.  In  this  case,  the  crude  polyurethane's 
insoluble  component  was  separated  from the  soluble  one  via  centrifugation. 
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This yielded two fractions, one solid and the other liquid. These were labeled 
200_PU_00(s) and 200_PU_00(l),  respectively.  Solubility  tests  showed that 
the latter was soluble in methanol and insoluble in water. Purification was thus 
accomplished by first dissolving 200_PU_00(l) in methanol, then precipitating 
it via dropwise addition to water in a 1:15 v/v methanol:water ratio. As a final 
step, 200_PU_00(l) was dissolved in a minimal amount of chloroform and left 
to  dry  under  a  fume  hood. 200_PU_00(s)  was  precipitated  by  adding 
demineralized water in a 1:15 v/v methanol:water ratio.
Yields are described in Table 3.9.
Polyurethane Yield (%)
200_PU_00 76.1 (total) 20.0 (s)
80.0 (l)
1500_PU_00 79.2
1500_PU_05 72.9
1500_PU_20 85.3
Table 3.9. Polymerization yields after purification.
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3.4 Film Preparation.
Films were prepared in the following fashion. A fixed amount of polymer was 
dissolved overnight under stirring in 10 ml of total solution. The solution had a 
variable composition, depending on the amount of dye to be introduced in the 
film. Amounts and composition are described in Table 3.10.
Polymer Pol. amount 
(mg)
Dye solution (v:v 
water:acetone, mg/ml)
Dye 
(ml)
Nominal dye 
(% wt)
Effective 
dye (% wt)
1500_PU_00-01 300.0 80:20, 0.03 1.0 0.01 0.010
1500_PU_00-05 300.0 80:20, 0.03 5.0 0.05 0.050
1500_PU_00-10 300.0 80:20, 0.03 10.0 0.10 0.100
1500_PU_05-05 205.0 50:50, 0.10 1.0 0.05 0.049
1500_PU_05-10 201.0 50:50, 0.10 2.0 0.10 0.100
1500_PU_05-20 199.8 50:50, 0.10 4.0 0.20 0.200
1500_PU_05-30 199.9 50:50, 0.10 6.0 0.30 0.300
1500_PU_05-40 190.6 50:50, 0.10 7.6 0.40 0.399
1500_PU_05-50 202.0 50:50, 0.10 10.0 0.50 0.500
1500_PU_20-01 303.0 80:20, 0.03 1.0 0.01 0.010
1500_PU_20-05 301.0 80:20, 0.03 5.0 0.50 0.049
1500_PU_20-10 304.0 80:20, 0.03 10.0 0.10 0.099
1500_PU_20-50 203.0 50:50, 0.10 10.0 0.50 0.493
Table 3.10: amounts of dye and polymer used for each film.
The  effective  amount  of  dye  was  determined  by  referring  to  the  amount  of 
solution,  which had been added via syringe. Demineralized water was added 
accordingly to give a final volume of 10 ml. The solutions were then transferred 
to teflon® dishes and left to evaporate undisturbed for 2-3 days.
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3.5 Vapor tests, acetone exposure setups.
Tests  exposing  films  of  the  1500_PU_05  series  to  acetone  vapors  were 
conducted with the following methods: Single Plastic Jar (Figure 3.5), 4 Plastic 
Jars (Figure 3.6), Single-side exposure (SSE) method (Figure 3.7), Glass Box 
(Figure 3.8). All four of these methods were used in fluorescence spectroscopy 
measurements (see relative section).
The  Single  Plastic  Jar  method  was  additionally  used  for  vapor  tests  on  the 
1500_PU_05 series, and for qualitative fluorescence measurements performed 
on 1500_PU_05-40.
To perform the tests, small squares (5 × 5 mm) of the sample were cut out from 
the film, and placed on a small tin foil tray. These trays were then placed in one 
of the containers used for the respective method; measurements were either in 
th form of UV excitation for steady-state fluorescence spectra (see above), or in 
the form of weighing the sample for vapor absorption tests.
Figure 3.5: Single Plastic Jar method.
In the Single Plastic Jar method, one or more samples are placed in the same 
jar, which houses a small beaker filled partially with acetone. At timed intervals, 
a sample is removed from the jar and measured. This method was used both for 
measuring  multiple  samples,  and  for  measuring  the  same  sample  multiple 
times.
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Figure 3.6: 4 Plastic Jars method.
The 4 Plastic Jars method is a variant of the Single Plastic Jar method, only in 
this case each jar houses one sample and one small beaker filled with acetone. 
At timed intervals, a jar is opened and its sample measured.
Figure 3.7: Single-side exposure method.
This  method  was  developed  by  Dr.  Giulio  Martini,  a  MSc  student  at  the 
University  of  Pisa's  Chemistry  Department,  and  who  is  currently  using  this 
method in  relation  to  his  masters  degree  (confidential  information).  In  this 
method, a jar's lid has been modified by cutting out a square hole. The sample is 
taped on the underside of the lid using a minimal amount of adhesive tape: 
when assembled, the closed jar's lid is "sealed" by the piece of film. Inside the 
jar  is  a  sufficient  amount of  acetone,  so  that  the  side of  the  film facing the 
interior  of  the  jar  is  exposed  to  a  relatively  saturated  environment  for  the 
duration of the experiment.
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Figure 3.8: Glass Box method.
In the Glass Box method, a staining box is filled to about a third with acetone. A 
small table holding the samples is placed inside the box; the table is higher than 
the solvent level. At one-hour intervals, a sample is removed for measurements, 
having previously measured the dry sample and labeled it for identification, as 
illustrated in the figure.
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4. Conclusions.
Four polyurethanes were prepared for this work: 1500_PU_00, 05 and 20, and 
200_PU_00;  all  polymer  yields  were  moderate  (70  to  85%).  Two  of  these, 
1500_PU_05 and 1500_PU_20, included the novel dicationomer DABCO(OH)2 
in their reaction feeds.
Solubility tests showed that the 1500_PU series was soluble in water, as were 
PEG-200 and PEG-1500, while 200_PU_00 was not. Both 1500_PU_05 and 
00,  with  and  without  the  ionomer  respectively,  were  soluble  in  water;  this 
indicates that solubility is to be attributed to PEG-1500, rather than the (small) 
presence of DABCO(OH)2.  PEG-200's solubility  in water,  on the other hand, 
does not carry over to 200_PU_00; this might be attributable to the greater 
number of urethane-urethane hydrogen bonds.
Infrared spectroscopy helped determine the moieties present in the synthesized 
systems. All purified polymers were composed largely of urethane linkage, while 
urea linkage was present in minimal amounts. 200_PU_00, while unsuccessful 
in functioning as a host matrix  for  ionomeric  polymer dispersion,  was quite 
useful in comparing the effects observed in urea-rich environments with those 
in urethane-rich ones. More specifically, the solid (s) and soluble (l) fractions of 
200_PU_00 were compared side-by-side. Infrared spectra of all polymers were 
studied  for  hydrogen  bonding,  and  carbonyl  band  behaviors  indicated  that 
hydrogen  bonding  was  quite  present.  Additionally,  studying  PU_100,  a 
polyurethane previously prepared in this laboratory with DABCO(OH)2 as the 
exclusive diol,  it was observed that the carbonyl band shifted towards higher 
wavenumbers.  This suggested a decrease in hydrogen bonding; this could be 
attributed to the relatively bulky nature of DABCO(OH)2, originating from the 
triethylenediamine cage.
Overall, infrared spectroscopy confirmed that polymers prepared were indeed 
polyurethanes,  for  the  most  part.  On  the  other  hand,  the  lack  of  a  band 
attributable exclusively to DABCO(OH)2 made it impossible to determine the 
ionomer's presence by IR spectroscopy alone; furthermore, NMR data showed 
that  the  calculated  amount  of  ionomer  was  very  small,  complicating  any 
searches for this component.
The  ionomer  and  all  polymers  synthesized  were  subjected  to  proton  NMR 
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spectroscopy.  Subsequent  calculations  revealed  that  systems  prepared  with 
DABCO(OH)2 had a total maximum content of 1.43% mol (1500_PU_05, D2O 
spectra).  This  seems  to  suggest  that,  when  paired  with  PEG-1500, 
DABCO(OH)2's  incorporation into polyether-containing systems is hampered. 
Any  ionomer-rich  macromolecule  chains  that  might  have  formed  during 
polymerization, were of insufficient molecular weight for dialysis purification 
(cutoff value of 1000 or 2000 Da), or the ionomer simply did not react. Diol 
mixtures of PEG-1500 and DABCO(OH)2 were heated and vacuum-dried before 
synthesis, and appeared homogeneous; incomplete dissolution of the ionomer 
attributable to potentially low temperatures (50°C) is thus to be excluded.
NMR  spectra  of  the  ionomeric  polyurethanes  were  obtained  using  two 
deuterated  solvents,  D2O  and  DMSO-d6.  Only  1500_PU_20  showed  a  peak 
attributable to terminal hydroxy groups, and its Mn was calculated; this proved 
useful,  since  it  was  not  soluble  in  the  eluent  used  for  size  exclusion 
chromatography.
From tests on solubility it was found that all polymers - except 1500_PU_20 - 
were soluble in chloroform, the eluent used in gel permeation chromatography. 
Since  the  instrument  was  calibrated  using  polystyrene  standards,  values 
measured can be used to indicate that a polycondensation reaction had taken 
place in all cases. Moreover, the greater values observed in 1500_PU_05, when 
compared with 1500_PU_00, might suggest an increase in molecular weight 
when DABCO(OH)2 is  present.  Still,  it  should be noted that  polymerizations 
were done with DBTDL as a catalyst; it would be interesting in the future to 
study potential catalytic effects attributable to DABCO(OH)2.
Data pertaining to 1500_PU_20, obtained from NMR spectroscopy,  was not 
comparable,  given  the  different  method  of  determination.  In  future 
develpoments,  it  would be interesting to synthesize  other 1500_PU matrices 
with different  concentrations of  the ionomer,  so as to better understand the 
effect that this compound has on molecular weight.
Thermogravimetric  analysis  showed  simple  degradation  curves  for  all 
polyurethanes synthesized, while PU_100's thermogram was more reminiscent 
of  its  constituent  diol,  DABCO(OH)2.  PzPer  showed  relatively  good  thermal 
stability,  up  to  200°C.  Future  studies  on  dispersion  of  this  dye  in  polymer 
matrices should account for this, as this work did by preparing films via solvent 
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casting.
The 1500_PU series exhibited both a melting temperature and a glass transition 
temperature,  suggesting  that  both  a  crystalline  and  amorphous  phase  are 
present;  on  the  other  hand,  their  majoritary  diol,  PEG-1500,  did  not. 
Observations  made  on  thermograms  and  thermodynamic  data  suggests  that 
although DABCO(OH)2's presence was essentially the same in 1500_PU_05 and 
PU_20, there is a gradual decrease in melting temperature as feed composition 
increases.  This  might suggest a different distribution of the same amount of 
ionomer within the macromolecule chain.
200_PU_00 on the other hand was almost exclusively amorphous. It should be 
noted that the temperature program used had the objective of increasing the 
visibility of glass transitions; this stemmed from the fact that PEG-1500 only 
had a crystallization peak, and no observable variations in heat capacity. Given 
the  quenching  effects  that  the  temperature  program  had  on  fusion  and 
crystallization endotherms, it would be interesting in the future to study these 
polurethanes' behavior under slower cooling and heating rates; it would also be 
interesting to study the effect of further increases in the feed composition of 
DABCO(OH)2.
Films  of  the  1500_PU  series  were  prepared  by  solvent  casting,  with 
water/acetone  solutions  of  PzPer.  200_PU_00  had  been  synthesized  as  a 
matrix  in  which  to  disperse  the  1500_PU-dye  systems:  the  hope  was  to 
overcome the ionomeric polymers' fragility, but it too proved to have insufficient 
mechanical  properties.  Furthermore,  solubility  tests  showed  the  lack  of  a 
common solvent for the two systems; this prevented further use of 200_PU_00 
in film preparations.
Films of 1500_PU_05 were prepared, and exposed to water, cyclohexanone and 
acetone, in order to study any chromogenic responses. Water was studied, so as 
to  determine  if  the  system  had  humidity  sensing  capabilities;  subsequent 
observations determined that no appreciable chromogenic effects took place. It 
was observed instead that acetone, a ketone, induced chromogenicity. For this 
reason, cyclohexanone, a cyclic ketone, was studied to determine if there was 
potential  for  a  novel  sensing  system  capable  of  chemical  discrimination; 
however,  as  with water,  films did not respond to exposure to this  particular 
solvent.
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Acetone was shown to be the only solvent capable of inducing a visible change in 
coloration;  for  this  reason,  this  solvent  was  the focus of  much attention.  All 
samples  experienced  a  large  increase  in  weight  over  the  first  4  hours  of 
exposure. Continuing weight measurements over a 48 hour period seemed to 
bring  about  variations  that  can  be  considered  oscillations  around  a  plateau 
value of about 110% wt. Samples of 1500_PU_05-40 exposed to acetone showed 
a change in color and intensity after 8 hours, and were the focus of subsequent 
studies  with  fluorescence  spectroscopy.  Mechanochromic  peeling  tests  were 
performed on this sample, and were shown to induce a large increase in color 
intensity.
Fluorescence spectroscopy was used as a method for quantitative evaluation of 
the  effects  observed  in  vapor  tests.  Spectra  were  acquired  for  all  dry  films 
prepared,  though  1500_PU_05-40  became  the  focus  of  studies  with  this 
technique. A series of methods were used for exposing the sample to acetone 
vapors, in a variety of setups. The most effective method was shown to be the 4 
plastic jars method, with which the sample's emission increased over time, as 
did  PzPer's  fluorescence  peak  ratio.  The  former  behavior  might  suggest  an 
increase in fluorescence efficiency, due to a decrease of quenching, while the 
latter could suggest high aggregate strength. Acetone had been already shown to 
favor  fluorescence  and  disaggregation  in  a  previous  work;  however,  these 
previous  works  had  also  indicated  that  polar  and  protic  environments 
encourage PzPer's aggregation. Given that the systems prepared in this work are 
quite polar  (and weakly  protic),  it  might be possible  that  any disaggregative 
effects  of  acetone  are  overcome  by  the  polyether  environment.  This  could 
suggest that an environment's polarity alone - without significant proticity - is 
sufficient for favoring and even maintaining  aggregation.
Mechanochromic  peeling  in  humidity  tests  was  studied  in  fluorescence 
spectroscopy, and showed a large increase in intensity upon peeling, while peak 
ratio  remained essentially  unaltered.  However,  after  leaving the  sample  in  a 
dessicator for 1 week undisturbed, it was found that intensity had regressed, and 
peak ratio increased significantly: this seems to suggest that mechanical stimuli 
akin  to  peeling  represent  an  unstable  state  for  any  disaggregated  PzPer 
molecules, eventually favoring an increase in aggregation.
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5. Summary and outlook.
The polyurethanes prepared for this work were characterized with traditional 
techniques,  and  studied  for  their  chromogenic  response.  Chromogenicity 
observed  in  peeling  tests  suggest  a  potential  application  for  anti-tampering 
devices; however, one would have to first solve the issue of aggregate stability.
Additional studies could be performed in the future, by changing the macrodiol 
used (e.g. PEGs of varying molecular weight, chemically different macrodiols 
such as polyesters, etc...), and by concentrating efforts on increasing the amount 
of ionomer incorporated, for example employing it as a chain extender.
While not studied in this work, a possibility for furthering research on this type 
of ionomeric polymers, is investigating any catalytic effects attributable to the 
charged DABCOder. A compound that not only might have catalytic effects, but 
that could also be chemically incorporated into the polymer backbone, would 
make for an interesting synthetic system.
If  an increase  in  ionomer  composition were  possible,  it  would be  helpful  in 
improving knowledge on the water-dispersible dye, PzPer. Specifically,  it would 
be  interesting  to  investigate  possible  changes  in  behavior  arising  from 
electrostatic interactions, thanks to the charges present both on DABCO(OH)2 
and PzPer.
In  conclusion,  ionomeric  polyurethane  systems with  chromogenic  properties 
represent a field of stimuli-responsive systems that have potential for further 
research and development.
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